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Population distributions of vibrational levels within the first excited electronic state 4 33} of N,
molecules embedded in a Xe matrix have been derived from emission spectra resulting from selective
excitation of individual levels with monochromatized synchrotron radiation. The steady-state popu-
lation distributions strongly depend on the originally excited level and are incompatible with a sim-
ple stepwise nonradiative relaxation process between successive vibrational levels. The experimental
distributions are attributed to relaxation by nonradiative electronic energy transfer processes be-
tween neighboring N, molecules via exchange interaction. The cascade in the 4 33} state involves
relaxation to lower energies in steps of two vibrational quanta and an up conversion of the energy in
steps of three vibrational quanta. The probability of these processes follows an energy-gap law for

the excess energy.

I. INTRODUCTION

Rate constants for vibrational relaxation in the solid
state cover a range of about ten orders of magnitude.!?
N, molecules in N, crystals and isolated in rare-gas ma-
trices represent a well-known case of very slow vibrational
relaxation. The interaction of long-living vibrational lev-
els in the electronic ground state of N, crystals with elec-
tronically excited N atoms has been studied in detail® with
interesting results concerning relaxation and energy
transfer. The lowest electronically excited state 4 *=;} of
N, molecules in rare-gas matrices is the best example for
slow vibrational relaxation of an excited electronic state in
the solid phase with rate constants below 1 s~! for com-
pletely isolated molecules.* Such a slow vibrational relax-
ation has been predicted theoretically’ and verified experi-
mentally*~!! more than a decade ago. Also relaxation
within higher electronic states’!°~!> has been investigat-
ed. The A *3, state excited in small N, aggregates which
are distributed in a rare-gas matrix might be suitable for a
case study of the conversion of different vibrational and
electronic degrees of freedom of a cluster into matrix pho-
nons. This system has the advantage that only two elec-
tronic states, the 4 °2. state and the X 'S; ground state
are involved if we restrict ourselves to v’ <6. Further-
more, the vibrational quanta of the N, excited state, the
N, ground state, and the rare-gas matrix have energies of
about 174, 292, and 5 meV, respectively, and are easily
distinguishable in the experiments. In earlier stud-
ies>*5~1013 the samples have been excited by x-rays or
electrons which populate many electronic and vibrational
states by energy loss processes. The observation of emis-
sion from v'=0 up to v'=6 of 4 >3} in luminescence
spectra and the absence of a rise time, both for low N,
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concentrations, shows that cascading of single N, mole-
cules in rare gas matrices during the radiative decay time
can be neglected. On the other hand it is known that pure
solid N, emits only from the two lowest vibrational levels
of A 33} Therefore the relaxation processes can be
controlled experimentally by increasing the N, concentra-
tion in the matrix and relaxation processes for example of
two N, molecules separated by one matrix atom or of N,
pairs or of larger clusters can be studied.

For an investigation of vibrational relaxation in N,
clusters it is desirable to populate selectively a specific vi-
brational level in the 4 33 state and to monitor all inter-
mediate steps in the subsequent relaxation cascade. In
this paper, population distributions due to vibrational re-
laxation in N, clusters are reported which have been de-
rived from luminescence spectra after selective excitation
of individual vibrational levels by light.!! Optical transi-
tions between the A *Z,f state and the X 'S, ground state
are forbidden according to spin-selection rules. These
selection rules were weakened in matrices of high atomic
weight.* Xe has been used as matrix because it induces
the strongest 4 °2f<>X '3} optical transition probability
corresponding to a lifetime of 1.5+0.5X 1073 s.!* Thus
the absorption coefficient is sufficient for excitation of
about 1-mm thick films doped with 0.1% N, molecules.
Furthermore, the faster radiative decay rate allows for an
effective competition with vibrational relaxation and the
emission spectra also reflect the intermediate steps in the
relaxation cascade and not only the final state of accumu-
lation in the lowest levels. The population distributions
presented here show that vibrational relaxation in N, ag-
gregates does not follow the simple way from one vibra-
tional level to the next lower vibrational level by dissipa-
tion of the excess energy into phonons. The relaxation
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proceeds via an interplay of nonresonant electronic energy
transfer processes involving conversion of vibrational en-
ergy of the excited electronic state into vibrational energy
of the electronic ground state. The guide line in the selec-
tion of the efficient pathways out of the large number of
possible nonresonant transfer processes is the minimaliza-
tion of the excess energy which has to be converted into
phonons. In the course of relaxation vibrational energy is
also transferred back from the electronic ground state into
the excited state yielding an increase of the total energy
accumulated in one N, molecule in this step. The experi-
mental population distributions can be quantitatively
modeled by a series of down and up conversion processes.
The interpretation combines features of vibrational up
conversion observed for example in the electronic ground
state of CO and CN molecules in rare gas matrices!® and
of vibrational relaxation via a different intermediate elec-
tronic state observed for example for CN (Ref. 17) and
(O,), (Ref. 18) in rare-gas matrices.

The dissipation of the excess energy into phonons is
governed by the coupling of the involved electronic transi-
tions to the lattice. The coupling strength is reflected in
the line shape of the optical transition. The line shapes of
transitions to singlet states of N, molecules have been
analyzed in a convincing way in terms of electron-phonon
coupling.'”” Here we present absorption and emission
spectra of triplet transitions (AS=1) of the N, molecule
in a Xe matrix. The transition energies yield immediately
the excess energies involved in the relaxation processes
and from the line shape the electron-phonon coupling
strength is derived. Thus the rate constants for the up
and down conversion processes contributing to the vibra-
tional relaxation can be calculated without free parame-
ters.

II. EXPERIMENTAL RESULTS

The experiments have been performed at the beam line
SUPERLUMI at the storage ring DORIS in Hamburg.
The set up provides a flux of about 10'2 photonsnm~'s~!
for excitation purposes with an ultimate resolution of
0.007 nm.2° The luminescence light of the sample is
analyzed by a f/3 monochromator at a resolution of 0.7
nm.?! Xe and N, of 99.997% and 99.9992%, respectively,
purity have been mixed in the gas phase with partial pres-
sures corresponding to the concentration of the sample.
The mixtures have been deposited as films on a LiF sub-
strate cooled to 7+2 K by a He flow cryostat with
thicknesses of about 1 mm.

The transparent region of about 8 eV of a Xe matrix al-
lows only absorption due to transitions from the lowest vi-
brational level of the X IE; ground state to the three
lowest excited electronic states which are the A 32;” R
B3Hg, and W 3A, triplet states. We have observed vibra-
tional progressions of the 4 S}« X '3 and B ’Il,«-X
12; transitions in absorption. The absorption cross sec-
tions are weak due to the spin-selection rule and the spec-
tra show a strong background of luminescence and scat-
tered light. Much nicer spectra are obtained in recording
the total luminescence intensity versus the excitation
wavelength which reflects the amount of absorbed light.
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The energy positions of the bands and the line shapes in
these excitation spectra and in conventional absorption
spectra are identical. The intensity of the bands could
differ because of a wavelength dependence of the quantum
efficiency of the sample and of the detection system. A
comparison of excitation and absorption spectra shows
that these differences are marginal. The 4 33} vibration-
al progression for v'=1 to 12 and the B 3Hg progression
for v'=0 to 4 are displayed in the excitation spectrum of
Fig. 1 for a sample of 2% N, in Xe. Beyond 150 nm the
N, bands disappear in the absorption background of the
matrix. The transition energies are listed in Table I to-
gether with the gas phase values. The line shapes of
several 4 >3, vibrational bands taken with a resolution of
0.05 nm (=0.003 eV) are collected in Fig. 2.

In the following we will focus our attention on the
v'=1 to 6 vibrational bands of the 4 >3] state. Each of
these levels has been excited selectively. Typical lumines-
cence spectra are shown in Fig. 3 for 2% N, in Xe. The
spectra contain combinations of Vegard-Kaplan bands A4
=5 —X '3H(v"”) with different initial states v’ and
with vibrational progressions due to decay to several final
vibrational states v". Figure 3 demonstrates that only
some of the vibrational levels v’ below the initially excited
level act as emitting states. There is a selective population
of v’ levels by vibrational relaxation. Furthermore, the
distribution within the v’ levels depends strongly on the
choice of the initially excited level and on N, concentra-
tion (Fig. 3). The intensity of the emission bands allows
for a quantitative determination of the population distri-
bution within the 4 3= (v’) levels. The scheme of Fig. 4
illustrates that we are interested in the population N; of
the ith vibrational level of 4 327, This level is populated
from higher levels with intensities I; and rate constants
wy;. It is depopulated by nonradiative vibrational relaxa-
tion to lower levels with intensities and rate constants I;;
and w;;. In addition we have radiative transitions to the
ground state with intensities (number of photons) and rate
constants [; and w;. The rate constants and the relative
intensities and populations are connected for radiative de-
cay and for the type of radiationless relaxation discussed
here via
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FIG. 1. Total luminescence intensity versus exciting photon
energy showing the 4 33} (v') and B *II; (v’) progressions for
2% N, in Xe at 7 K. This luminescence yield is similar to an
absorption spectrum. The intensity is corrected for the incom-
ing photon flux.
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TABLE 1. Energies of the maxima in the 4 2} (v')«~X 'S (v =0) and the B I (v')«—X 'S](v"" =0) transitions in absorption
for 2% N,/Xe at 7 K (energies in eV). The Stokes shift of the 4 *=; transition compared to the emission data of Tinti and Robinson
(Ref. 4) corresponds to 7+1 meV for the listed values. The gas-phase energies (Ref. 23) are given for comparison.

’

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Matrix
4°33F 6.307 6.486 6.652 6.819 6.982 7.142 7298 7454 7.602 7.748  7.886  8.022  8.159
B, 7239 7467 7.669 7.870 8.069

Gas
A33; 6168 6345 6.522 6.691 6.858 7.025 7.183 7.341 7492 7.644 7788  7.933 8072  8.201
B, 7354 7565 7773 17979 8.178

Lym =Wom Ny - (1) histograms in Fig. 5. The length of the bars in a vertical
) ) . histogram represents the population. The arrows mark
The experiments are carried out under steady-state condi-  the initially populated levels and the parabola to the left

tions (repetition rate of excitation 5X10° Hz, decay rate  jjjustrates the A4 >3 state with its vibrational levels.
10° Hz) and all quantities are independent on time. The ,
radiative rate constants follow from??
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with the transition frequency v, the Franck-Condon fac-
tor % (i,1), and the dipole matrix element Re2 which does
not depend on i and / in the Franck-Condon approxima-
tion. The intensity I; of any band in a progression start- 05} !
ing from v’ can be used to derive the population N; of
this level v’ relative to the population of all other vibra-
tional levels in the cascade by??

M=m/

In the evaluation we used a mean value obtained from
several strong bands in a progression. The derived popu-
lation distributions are listed in Table II and displayed as
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50 0 -S0 FIG. 3. Luminescence emission spectra with 4 3=} (v')—X

ENERGY (meV) = (v") Vegard-Kaplan bands for excitation of v'=2, 3, and 4

FIG. 2. Line shape of the 4 33 (v')«-X 'S} (v""=0) absorp-  of 4 37}, 2% N, in Xe at 7 K. The spectra are not corrected
tion bands for 2 <v’ <6. for the detection efficiency.
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FIG. 4. Scheme for population of a level i by nonradiative
rate constants wy; and for depopulation of level i by radiative
rate constants w; and nonradiative rate constants w;;.

The information used so far is sufficient to give these
relative population distributions in a unique way. But the
question whether the populations in one histogram add up
to 100% of the deposited number of photons /s or wheth-
er there are some hidden populations of other states is
open. To answer this question we need the quantum effi-
ciency (ratio of deposited to emitted photons) of the sam-
ple. Excitation spectra and absorption spectra are con-
nected via the quantum efficiency. The intensity distribu-
tion of the 4 32,}" (1 <v’ <6) levels is very similar in exci-
tation and absorption spectra and it follows the known
Franck-Condon factors.

Evidently the quantum efficiency is the same for all
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these vibrational levels. Some further experimental infor-
mation indicates that q is even near unity. An estimate
using the measured absolute photon flux of the excitation
set up at the sample and the efficiency of the detection
system for luminescence yields ¢ ~1 with an uncertain or-
der of magnitude. Transmission measurements of thick
films yield a more accurate value. The expected minima
in transmission spectra due to absorption bands are con-
verted to maxima for large film thicknesses. The detector
receives transmitted light and a background from
luminescence and elastically scattered light. In the center
of an absorption band the amount of transmitted light is
very low. Most of the light is absorbed and converted to
luminescence light. The signal is dominated by lumines-
cence. Outside the band only few photons are absorbed
and the luminescence contribution is negligible. But also
the transmitted part is small for thick samples because
most of the light is scattered. The intensity ratio inside
the band (Iy,,,) and outside the band (I,) is given by

Ilum /Iscat :qnlum/nscat > 4)

for an isotropic distribution of luminescence and scattered
light provided that the sample is sufficiently thick to
prevent transmission. The detection efficiency 7,,, for
the longer-wavelength luminescence is higher than. ng,,
for the shorter wavelength of elastically scattered light.
For a sufficiently high quantum efficiency g, it is clear
that the minima in transmission spectra are replaced by
maxima. The height of the minima together with the
known ratio of 1yn/7scar gives ¢ ~0.94 with an uncer-
tainty of at most a factor of 2. The quantum efficiency of
unity for 1<v'<6 of 4 >3} implies that vibrational re-
laxation causes only a redistribution within the v’ levels
but no losses to the ground state or to quenching sites by
nonradiative processes. The sum over the bars in a histo-
gram of Fig. 5 and Table II has to be 100%.

The samples have been prevented from photons with

TABLE II. Experimental and calculated relative population distribution for N, in Xe at 7 K. For details see text.

Excited v’
Experimental Calculated
Population 1 2 3 4 5 6 1 2 3 4 5 6
2% Nz/Xe
N 0.09 0.13
N 0.16 0 0.15 0
N, 0.13 0 0.07 0.19 0 0.07
N; 0.26 0 0.08 0 0.21 0.01 0.07 0.02
N, 0.26 0 0.12 0.03 0.11 0.42 0 0.14 0.10 0.14
N, 1.0 (0] 0.74 0.23 0.67 0.34 1.0 0 0.79 0.60 0.62 0.58
Ny 0 0.74 0 0.52 0.06 0.89 0 0.58 0 0.06 0.06 0.06
0.5 Ny/Xe
N 0.59 0.50
N5 : 0.47 0] 0.53 0
N, 0.61 0 0.13 0.60 0 0.15
N3 0.63 0 0.12 0 0.65 o 0.14 0
N, 1.0 0 0.12 0.02 0.09 0.75 0 0.11 0.04 0.08
N, 1.0 0 0.37 0.27 0.29 0.11 1.0 0 0.35 0.26 0.26 0.24
Ny 0 0 0 0.10 0.08 0 0.25 0 0.03 0.03 0.03
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FIG. 5. Experimental population distributions of the vibrational levels of the 4 32 state for two concentrations of N, in Xe. The
arrows mark the initially populated state. The length of the bars in a vertical histrogram represents the population.

energies higher than about 9 eV and especially from the
background of scattered light and second order in the
monochromator output by using a filter. Additional
emission bands appear without these precautions, and
population distributions similar to those in Fig. 6, are ob-
served. A comparison with Fig. 5 shows that more inter-
mediate levels are populated due to this higher energy
background. N, molecules are dissociated by higher ener-
gy photons and the interaction of N atoms with excited
N, molecules presumably opens new relaxation channels.
This observation is important for a comparison of our re-
sults with experiments using high energetic excitation
such as electrons or x-rays.

III. DISCUSSION

A. Vibrational relaxation cascade

The discussion will be based on three observations con-
tained in Fig. 5.

(i) Relaxation takes place exclusively in steps of Av’'=2
forO<v’'<3.

(ii) The initially excited level is depopulated again by
Av’=2 processes for 4 <v’ <6 but in the lower part of the
cascade also intermediate levels appear which require

6 N,/ Xe -
5 -
4 -

3 -
2 -
1 k- i
0
0 0 0

POPULATION IN %

FIG. 6. Population distributions as in Fig. 5 after illuminat-
ing a sample with short-wavelength light.

uneven changes of v’.

(iii) The extent of relaxation increases strongly with N,
concentration. The majority of the population remains in
the initially excited levels for 0.5% N, in Xe and it is
shifted to lower levels for 2% N, in Xe.

Any simple model of direct dissipation of vibrational
energy into matrix phonons would predict only steps of
Av’=1 because of the energy-gap law.""?> The experimen-
tal results are incompatible with such a model. The
energy-gap law for nonradiative processes postulates a
very strong, in general an exponential, decrease of the rate
constant with the energy difference between the two ener-
gy levels involved or with the number of phonons which
have to be emitted. Dissipation of one A 3=} vibrational
quant (174 meV) requires the emission of about 35 matrix
phonons with 5 meV energy. Evidently the rate constant
for the Av’=1 process is too low due to this large number
of phonons to compete with radiative decay.

The following model explains observations (i) to (iii)
and yields population distributions which agree with the
experiment within 10—50 % in nearly all cases. For a dis-
cussion of the Av’'=2 steps we notice that the energy of
two A4 33} vibrational quanta exceeds the energy of one
quant of the ground state X 12+ (292 meV) by only about
50—60 meV [Fig. 7(a), left]. A conversion of two A4 3=F
quanta to one ground -state quant, i.e., a Av'=2 process
should be much more efficient compared with the Av’'=1
process, because of the much smaller excess energy which
corresponds to 10 phonons instead of 35 phonons. The
electronic energy of the A 337 state has of course to be
conserved in this consideration. Therefore a Av’'=2 pro-
cess requires the interaction of two N, molecules one in
the ground state X 'S and one in the excited state 4
33} [Fig. 7(a), right]. The percentage of N, molecules
which are sufflclently close together for this interaction
will increase with N, concentration and the degree of re-
laxation will also increase with concentration. In this way
we understand the observations (i) and (iii). The most
probable interaction mechanism for relaxation will be a
nonresonant nonradiative electronic energy transfer'-2
from the N, molecule (a) to the N, molecule (b) [see Fig.

7(a), right]. In a resonant transfer, molecule (a) decays
from 4 3=} (w'+2) to X 12+(U”‘"0) and molecule (b) is
excited from X '=} (v =0) to A 33w’ + 2) without any
vibrational relaxatlon In the nonresonant case, molecule
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FIG. 7. (a) Illustration of the Av’=2 relaxation process in the 4 3= state by nonradiative-energy transfer between the N, mole-

cules (a) and (b). (b) Additional Av’=3 relaxation channel.

(a) decays from 4 3=F (v’ +2) to X 'S} (v"=1) and mol-
ecule (b) is excited from X 12*“(v”~—0) to A 3=} (v'). The
final result concerning the populatlon of vibrational quan-
ta is a reduction of v’ by Av’=2 and an increase of v"’ by
Av"”"=1. The electronic energy jumped from (a) to (b).
The excess energy is dissipated to the matrix.

The expected sequences of relaxation processes for dif-
ferent initial levels v’ are collected in Fig. 8. The top line
for excitation of v'=1 shows that no relaxation at all is
possible. Initial population of v'=2 enables one Av’'=2
step down to 4 337 (0) and generation of one ground-state
vibrational quant X 2"’(1) A back transfer would add
292 meV of v"'=1 to A 33+ (v'=0). The resulting excess
energy of 120 meV above the next allowed state A

Al A Iv) 2 AV
Vel X' Lglv) 2 Xv”
vi=2 :é "i“o — Av'=2
v'=3 Q‘é — i‘: D Av'=3
Vel B = me D S =R
R Y
A

S0 DF v

FIG. 8. Scheme for the sequence of energy-transfer steps in
relaxation cascades after population of vibrational levels
1<v’' <6 of the 4 33 state. A represents a N, molecule in the
A 33} and X one in the X 'S} state. The numbers give the vi-
brational quanta v’ and v"". — and = correspond to Av’'=2
down and Av’=3 up conversion processes, respectively.

33F(v'=1) is quite large. This process is less favorable
than the Av’'=2 step and it is not observed in the experi-
mental distributions of Fig. 5. This is an indication that
only processes are efficient with energy gaps smaller than
120 meV. Excitation of v’'=3 leads in one Av’'=2 step to
a similar configuration as the previous v’'=2 excitation.
Only the final A 33,(v'=0) state is replaced by A
3z, (v'=1).

Excitation of v'=4 opens a qualitative new channel.
Two successive Av’'=2 steps lead to a configuration of 4
33.H(v'=0) at molecule (a) and X '3 (v"'=2) at (b) which
is shown in Fig. 7(b). A backtransfer in this case by the
decay of 4 3ZF(w'=0) to X 1E“L(v" 0) leads
to an excitation of molecule (b) from X 12+( =2)to 4
33 F(v'=3). The excess energy in this step is only about
50 meV as is illustrated in the left part of Fig. 7(b). This
process is as favorable as the Av’=2 step according to the
energy-gap law. The backtransfer corresponds to an in-
crease of v’ by Av’'=3 and the uneven change of v’ feeds
also the intermediate levels. The model predicts popula-
tion of intermediate levels in the course of relaxation for
v’ >4 in full accord with the experimental finding (ii), and
all three observations are reproduced by the model. The
Av’=3 step is especially interesting because the energy ac-
cumulated in one molecule is increased by three v’ quanta,
i.e., about 500 meV. Vibrational energy stored in the
ground state of a molecule can be transferred into an ex-
cited electronic state by these nonradiative processes. Vi-
brational relaxation in this case is not a monotonic flow to
lower energies but the energy jumps down and again up in
a combination of very specific processes. The up conver-
sion is followed by a step with Av’=2 which populates
the lower intermediate level 4 33 (v'=1) (see Fig. 8).

A similar series of Av'=2 and Av’=3 down and up
conversion steps is obtained for population of v'=S5 and
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v’'=6 provided that only processes with an excess energy
less than =~ 100 meV are considered (Fig. 8). For v'=5
two steps down with Av’=2 lead to 4 33 (v'=1) and X
]2;(1)”-——2). Up conversion by Av’'=3, raises the energy
to A >} (v'=4). The configuration resembles v’ =4 exci-
tation and the v'=4 cascade will proceed. After two
Av’'=2 steps in the v'=6 cascade, two pathways with
similar energy gaps are possible. Either up conversion to
A 331 (v'=5) and the whole cascade of v'=35 takes place
or a further Av’=2 step down followed by up conversion
and the v’ =5 cascade starting from the second step.

The rate constants for the nonradiative relaxation and
the competing radiative decay are required for a quantita-
tive evaluation of this qualitative picture. In steady state,
the sum over all channels I;; which populate level i
equals the sum of all depopulating channels
. ly+3;1; (see Fig. 4). Equation (1) yields, for the
population N; of an intermediate level,

Ni=2wkiNk/ {2w.-:+2w,~,- , (5)
k 1 J

and Eq. (2) gives
S wa=RIZvaF D), (6)
1 1 :

with 3,7 (i,l)=1 by definition. We also checked that
> ,v?,.? (i,1) is independent of i within a few percent when
i corresponds to one of the vibrational levels 0 <v’ <6 of
A 33 using the tabulated values of v;; and .7 (i,1).2* This
means that there is a common radiative rate constant
wo=_,;w; independent on i for those vibrational levels.
The experiments of Tinti and Robinson* confirm this re-
sult for N, in Ar and Kr matrices and give a lower bound
of wy >200 s~—! for Xe matrices. In recent experiments, a
lifetime of 1.5X1073%0.5 s (Ref. 15) corresponding to
wo =600 s~! has been obtained for Xe matrices. Equa-
tion (5) can be simplified to
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N,~=§a)k,~Nk/ [w0+2w,~j ] , (7
j

and the populations can be calculated from the w, and
the nonradiative relaxation rates wy; and wij.

Electronic energy transfer is the driving mechanism in
the vibrational relaxation processes. Expressions for mul-
tipole interaction where usually the dipole-dipole term
dominates and for exchange interaction are well known
from the literature.”* The spin-selection rules reduce the
dipole-dipole interaction strongly for the A4 32} —X 12;
states of N, and in this case the exchange interaction
dominates, as will be discussed in Sec. III B. The rate
constant for exchange interaction follows from

2
wﬁ:—h@ | Vao |2 [ fp(E)F4(E)AE , 8)

with the exchange matrix element V,, and with normal-
ized emission and absorption spectra,

[ fo(E)iE= [F(E)dE=1. 9)

From the manifold of all possible exchange-transfer
processes given by w., we want to extract the rate con-
stant wy for the specific channel due to decay of mole-
cule (a) from the ith vibrational level in 4 33, to the /th
level in X 12;' and for excitation of molecule (b) from the
kth vibrational level in X 'S} to the jth level in the A4
33F. This rate constant is given by the spectral overlap of
the two involved transitions in emission and absorption
and by still normalizing over all transitions according to
Eq. (8). The contribution of the specific decay i—/ to
f fp(E)dE corresponds to the weighted Franck-Condon
factor 7 (i, vy /[3,viZ (i,1)] and the excitation k-j con-
tributes a value of #(k,j) to f F4(E)dE. With these &
factors, the overlap integral is now restricted to the specif-
ic transition i—I, k—j and the line shapes f LIE) and
F%J(E) have to be normalized to

TABLE III. Rate constants wj for the decay 4 *Sj(v'=i)—X 'S}f(v'=1) and excitation 4

ZHw'=j)X '=f(v"=k) according

to text.

AE, A=F(,DviFk,j)/[3vaF(i,1)], and

B= f SEFYAE are the energy gaps, Franck-Condon factors, and overlap integrals, respectively, as de-

fined in text.

kj

AE A B Wiy
(meV) (10~3) evh )
wX 50 0.16 0.067 1570
wh 43 1.25 0.233 42700
w? 36 42 0.733 451300
w 30 7.8 2.587 2958000
wi 23 9.3 8.396 11439000
wi 46 0.22 0.181 53800
wi 57 0.57 0.045 3800
wi 67 0.26 0.008 3000
wys 61 2.0 0.011 3200
wi 54 6.4 [ 0.036 33000
wil 47 6.6 0.118 114000
wi 61 4.8 0.011 7700
w 35 0.27 1.107 43800
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This yields the energy-transfer rate constants by

] -1
wl =2 | V. |27 e )7 1) ST l

x [ fHEFY(EE . (11

| Vo | 2 is usually written as
| Vo |>=K%exp(—2R /L), (12)

with the separation R between molecules (a) and (b), an ef-
fective average Bohr radius L and a constant K.** The
parameters used for the calculation of w)’ and the rate
constants are listed in Table III. The Franck-Condon fac-
tors?® and transition frequencies (Table I and Refs. 4 and
23) are available. Fortunately the matrix element ¥V, has
been calculated recently to ~1.cm™! (1.3 10~* eV) for a
pair of two neighboring N, molecules in solid N,.2> The
overlap integral depends on the line shapes and on the en-
ergy differences AE between the decay and the excitation
transitions. The AE values of Table III include the Stokes
shifts and the anharmonicities in the vibrational progres-
sions. The excitation energies have been derived from our
absorption data (Table I). The emission energies follow
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FIG. 9. Comparison of the red wing of the 433 (v'=1)—X
132 (v”"=9) emission band (points) from Ref. 4 with the mir-
rored blue wing of the 4 >3] (v'=2)«X '3 (v""=0) absorption
band from Fig. 2 (solid line) and with a calculated phonon wing
using S =1 (squares).
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from the spectroscopic constants given by Tinti and
Robinson,* which agree with our emission data. The
mean value for the Stokes shift of the levels 1<v’'<6
scattered between O and 8 meV for different sets of ab-
sorption spectra which indicates the limits of accuracy for
the AE values.

The line shape of the corresponding v’ absorption band
in Fig. 2 has been used for the excitation part in the over-
lap integral. The value of the overlap integral is most sen-
sitive to the far red wing of the emission band, because
the AE values (typically 50 meV) are in general large com-
pared to the full width at half maximum of the emission
band (typically 10 meV). The red wing of an emission
band* shows on a logarithmic scale (Fig. 9) a long tail
with decreasing slope. This red wing is caused mainly by
inhomogeneous broadening as will be pointed out in Sec.
III C. Multiphonon theory in linear coupling predicts, for
the emission band, a mirror image of the line shape in ab-
sorption. The mirror image of the X '2}(v’=0)—4
33F(v'=2) absorption band decreases faster than the
emission bands and shows a constant slope on a logarith-
mic scale (Fig. 9). It is closer to the homogeneous
linewidth which should be caused by electron phonon cou-
pling. A typical line shape predicted by electron-phonon
coupling theory is indicated by squares in Fig. 9. The
overlap integrals and rate constants have been calculated
for the emission band as well as for the mirror image
which has been extrapolated by the straight line in Fig..9.
The rate constants derived from the emission bands are
one to three orders of magnitude larger than those calcu-
lated from the mirror image because of the higher intensi-
ty in the red wing around typical AE values of 30—60
meV (Table III). The larger rate constants would predict
a relaxed population distribution in contradiction to the
experiment. The arguments concerning the inhomogene- -
ous broadening, the predictions of electron-phonon cou-
pling theory and the agreement with the experimental
population distribution convinced us to use the extrapolat-
ed mirror image of the absorption band (Fig. 9) for the
line shapes of the decay processes in the overlap integral,
yielding the rate constants of Table III.

The concentration dependence of the population distri-
butions (Fig. 5) is due to different distributions of N,-N,
separations. For simplification we assume three dominant
configurations which are pairs of nearest-neighbor N,
molecules (N,-N,), pairs of N, molecules separated by one
Xe atom (N,-Xe-N,) and completely isolated N, mole-
cules. The rate constants for N, pairs (N,-N,) are given in
Table III. The explicit expressions for the populations of
the levels in each cascade are collected in Table IV. They
are based on Eq. (7) and the selection of rate constants in-
dicated by Fig. 8 and Table III. The evaluation yields the
population distribution displayed in Fig. 10. The separa-
tion between N, molecules in the N,-Xe-N, configuration
is about twice that of N,-N, pairs and the exponential dis-
tance dependence causes a decrease of the matrix element
and thus of all nonradiative rate constants by three to four
orders of magnitude.”* The calculated distributions for
the N,-Xe-N, configuration with nonradiative rate con-
stants reduced by a factor of about 2000 are shown in Fig.
10. In isolated N, molecules the population in the initial-
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# is the rate constant for nonradiative energy transfer as

k
+N;". The normalization 3, N;=1 has to be added for each level.

'

N;

1

TABLE IV. Population N; of level i according to the cascade displayed in Figs. 4 and 8. wy is the radiative rate constant, w

defined in text and Table III. For excitation of v'=5 and 6 the population N; is given as N;

N,' + ,'”)
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ly excited level remains unchanged. Figure 10 illustrates
that the population in the lower levels of the relaxation
cascades originates from N,-N, pairs, whereas the N,-Xe-
N, configurations and isolated N, molecules determine
the population in the first steps of the cascade and the ini-
tial level.

The experimental population distributions are com-
pared with calculated .distribution in Fig. 11 and Table II
by adding the contributions of 48% isolated N,, 18% N,-
Xe-N, and 48% N,-N, for 0.5% N, in Xe and 12% iso-
lated N,, 8% N,-Xe-N, and 80% N,-N, for 2% N, in Xe.
We feel that the agreement is quite satisfying in view of
the many experimental data from different sources in-
volved in the evaluation. Only the populations of N, for
exciting v'=4 and v'=6 in 2% N, in Xe are considerably
too small. This model explains 54 experimental popula-
tions by only using two sets of contributions from isolated
N,, N,-Xe-N,, and N,-N, pairs. We want to point out
that we use absolute values for the radiative and nonradia-
tive rate constants.

The contributions of different configurations can be
compared with expectations based on a statistical distribu-
tion of N, molecules on substitutional sites of an fcc Xe
lattice. Each lattice point in the first three shells around a
substitutional N, molecule is in the immediate neighbor-
hood of the center N, molecule with no further lattice
point in between. Therefore N, molecules sitting within
the first three shells will move to the center N, molecule
due to the attractive part of the N,-N, potential. The Xe
lattice atoms are much larger than the N, guests and the
guest molecules have space for such a rearrangement.?
In view of these facts, we consider all N, molecules within
the first three shells as N,-N, pairs. If a N, molecule sits
in the fourth shell, then one Xe atom is just in between
and the fourth shell is a clear cut N,-Xe-N, case. If a
similar rearrangement is to be expected up to the ninth
shell is not clear because the attractive force will be much
weaker in this case. Since the exchange interaction de-
creases exponentially we can count either any N, molecule
beyond the ninth or probably just beyond the fourth shell
as isolated. The probability (1 — x)" for a concentration x
that no further N, molecule is situated within a sphere
containing n atoms, yields probabilities for isolated N,
molecules between (1—x)** and (1—x)**%, for N,-N,
pairs or clusters of [1—(1—x)**] and for N,-Xe-N, be-
tween [(1—x)*-(1—x)**] and [(1—x)®-(1—x)*®] (Table
V). The values for N,-N, pairs in Table V indicate that
the nominal concentrations of 0.5% and 2% correspond
to 1% and 4% concerning the number of pairs. An in-
crease of pairs by this amount due to N,-N, interaction
seems to be acceptable. For the relative percentages of
N,-Xe-N, configurations and isolated N, molecules it is
not clear how to decide between the extremes of n=54
and n=248. The experimental values lie in between and
are consistent with Table V. A more involved discussion
requires an explicit calculation of the rearrangement of
the Xe lattice around a substitutional N, molecule. In ad-
dition nonsubstitutional N, sites can be of importance.
Inhomogeneous broadening dependent on preparation and
complicated concentration dependences in experiments us-
ing other excitation sources'® indicate such site problems.
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B. Alternative explanations for the relaxation cascade

In most cases electronic energy-transfer processes are
based on dipole-dipole mteractmn with a rate constant

wp.p given by
3

0> = Pron e | TP A EE

2

(13)

with the velocity of light ¢, the index of refraction n, the

radiative lifetime 7, the transition energy v in cm~!, and
R, fp, and F, as before. The ratio of the rate constants
for exchange and dipole-dipole interaction, respectively,
follows from Egs. (8) and (13):

Wex /Wp.p=| Vap | 221%77cn R 72 /3% . (14)

The exchange rate constant dominates by a factor of
6< 10° for a nearest-neighbor N, pair and also for a N,-

TABLE V. Comparison of the statistical probability for N,-N, pairs including larger cluster, for the
sum of isolated and N,-Xe-N, configurations, for isolated and for N,-Xe-N, configurations with the re-
sults for the nominal experimental concentrations of 0.5% and 2%. For details see text.

Probability
Isolated plus

Concentration N»-N, N,-Xe-N, Isolated N,-Xe-N,
Statistical
0.005 0.19 0.81 0.76—0.28 0.05—0.53
0.010 0.34 0.66 0.58—0.08 0.08—0.56
0.020 0.57 0.43 0.33—<0.01 0.10—0.43
0.030 0.72 0.28 0.19—<0.01 0.09—0.28
0.040 0.82 0.18 0.11— <0.01 0.07—0.18
0.050 . 0.88 0.12 0.06— <0.01 0.06—0.12
Experimental

0.005 0.34 0.66 0.48 0.18

0.020 0.80 0.20 0.12 0.08
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Xe-N, configuration the exchange rate constant is a factor
of 2 10° larger. Dipole-dipole interaction would be only
important for very large separations, but in this case the
rate constants are so small that radiative decay has de-
populated the excited states.

An alternative explanation of the dominating features
in the population distributions by stepwise vibrational re-
laxation is not possible for the following reasons. Step-
wise relaxation predicts necessarily that the population
distribution below any initially excited v’ level remains
unchanged for exciting v'+1 or higher vibrational levels
which is in clear contradiction to Fig. 5 and Table II. A
similar approach would be to involve intersystem crossing
from A =} (v’) to a high-lying nearly resonant level v”’ of
X 12+ and back relaxation to the next lower level which
would be 4 3E“L(v —1). This process results in a stepwise
relaxation v’'—v’—1 in 4 *=] only supported by an in-
termediate X IE; (v’) level and has to be excluded accord-
ing to the previous argument. A further way along this
line could be intersystem crossing to X 'S, relaxation
within the X 'S/} vibrational levels thus bypassmg some
v’ levels of A4 32: and back relaxation at one or several
distinct X 'S} levels which have a favorable energy reso-
nance with 4 >3} levels. Again the distribution within
low v’ levels of A 327} should not depend on the initially
excited level in contradiction to the experimental result.
Furthermore, the severe concentration dependence is not
in accord with such intramolecular relaxation processes.
The evidently small rate constant for intersystem crossing
is not surprising. The electronic matrix element will be
small due to the spin-selection rule, the energy-gap law
term would be smaller than in the energy-transfer case,
because the excess energies which have to be dissipated as
phonons are higher and finally the molecular Franck-
Condon factor between the involved A 32 (0<v’ <6) and
the X '3 (25 <v” < 30) levels is only of the order of 107°
and lower. These arguments convinced us that only the
proposed energy-transfer processes explains the experi-
mental results in a consistent way.

C. Line shapes, Stokes shifts, and electron-phonon coupling

The homogeneous line shapes of electronic transitions
in matrices are caused by electron-phonon coupling and
the coupling strength of the transition to the lattice can be
for example characterized by the Huang-Rhys coupling
constant 5.2’ Nonradiative relaxation processes are also
induced by the lattice and are described by the same cou-
pling constant. For energy-transfer processes in the
Forster-Dexter model this is immediately evident by the
appearance of the overlap integral between absorption and
emission bands [Egs. (8) and (13)] and it is true also for
more involved descriptions.”®>?’ For linear coupling, a
zero phonon line coinciding in energy for absorption and
emission spectra and a mirrorlike progression of phonon
side bands extending to the blue in absorption and to the
red in emission is expected for temperatures small com-
pared to the phonon energies. In a single-phonon model
the phonon side bands are equally spaced by #iw, and have
intensities e ~SSV/N! with phonon number N. % In Fig.
12 the 4 3} (v'=1)—X 'S} (v"”"=9) emission band of
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FIG. 12. Line shapes for the 4 =} (v'=1)—X'Z}(v""=9)
emission band of Ref. 4 (dashed line) and the 4’2} (v'=2)X
' (v"=1) absorption bands (solid line) are compared with
phonon contours for §=0.5, 1, and 2.

Tinti and Robinson* is compared with our A
B =2)«X '2F (v =0) absorptlon band after correct-
ing the energies for the different v’ and v” levels involved.
This correction causes an uncertainty in the spacing of the
maxima from coincidence up to a spacing of 8 meV and a
mean value of 4 meV is plotted. Plots of phonon side
bands with #iw, =4 meV and $=0.5, 1, and 2 show that
the coupling strength is of the order of S~1. The sha-
dowed overlap of the bands in Fig. 12 cannot be explained
by electron-phonon coupling and has to be attributed to
inhomogeneous broadening. The correspondence of the
red wing in absorption (which is due to inhomogeneous
broadening) with the red wing in emission suggests that
also the large extension of the red wing in emission is
mainly caused by inhomogeneous broadening. The
steeper blue wing in absorption is probably closer to the
real homogeneous linewidth. This assumption is support-
ed by a comparison of the steepness of the wings with cal-
culated side bands on a logarithmic scale in Fig. 9. The
uncertainty in the Stokes shift and the inhomogeneous
broadening allow only an estimate of S~1 and prevent us
to go beyond a single-phonon model or to explain the ad-
ditional features for higher v’ levels in the absorption
bands shown in Fig. 2. We mention that an even more
complicated behavior of the emissions bands for N, in
other rare gas matrices has been reported by Creuzburg!’
partly in conflict with our results or the results of Tinti
and Robinson.*
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IV. CONCLUSION

The flow of vibrational and electronic energy in N, ag-
gregates in Xe matrices at 7 K has been monitored and a
complex interplay of electronic energy transfer and vibra-
tional up and down conversion has been observed. A
quantitative description of the hierarchy and the rate con-
stants has been presented. The interpretation in terms of
electron-phonon coupling, in connection with the line
shape of the optical transitions, is less clear and requires
further consideration. The analysis has been concentrated
on nonresonant energy-transfer processes leading to a dis-
sipation of molecular vibrational energy into lattice pho-
nons. The rate constants for resonant electronic energy
transfer will be of the same order of magnitude. In addi-
tion to the processes discussed here transport of electronic
energy away from molecules which have been vibrational-
ly excited in the relaxation processes will happen in larger
clusters, i.e., at higher concentrations. In a similar way
electronic energy can be transported to molecules which
are in vibrationally excited states and by up conversion
the vibrational population is transferred into the electroni-
cally excited state.

We want to point out that the vibrations of N, in the

electronic ground state represent nonthermal lattice exci-
tations with an energy of 3000 K lasting for seconds in a
lattice at 5 K. By the discussed up conversion processes
this nonthermal lattice energy can be accumulated in elec-
tronically excited molecules thus increasing the total ener-
gy in these excited molecules by a considerable amount.
Together with the selectivity of the flow of energy demon-
strated in this paper new ways for photochemistry in ma-
trices are imaginable.
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