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Abstract

High resolution (AE = 0.75 meV) absorption profiles of the vibronic
bands in the range of the wIA" - X 1}:9’ and a Ing «X Itg* exciton pro-
gressions at hv¥,9 eV in solid W, have been measured in the tempera-
ture range between 6 K and 30 K. These excitations are atrongly
localized so that the observed temperature dependence of the fine
structure, consisting of a mero phonon line and a phonon side band,

can be deseribed very well in the model of strong exciton phonon
coupling at point defects. The experimental results for the UIA“
trangition are found to be consistent with the aseumption of a Debye
apectrum for the phonon density of states and we derive a value for the
Debye temperature of @ = 78 K, which is in very good agreement with
that derived from other measurements.

* Work supported in part by Bundesministerium fiir Forschung und Technolog s,

Submitted to Chem. Phys.

1. Introduction

The width and shape of molecular absorption bands in the solid phase
and their temperature dependence provide important information on
relaxation processes and intermolecular interactions. As a prototype
simple molecular crystal, solid nitrogen has been the subject of many
studies involving absorption- and reflection- 1-8 , energy lou-g,

matrix isolation-028+10712 13,14

and photoelectron-spectroscopy for the
investigation of its electronic structure. Despite this extensive work,
until recently there has been no detailed analysis of the absorption
line shape of the exciton bands which is of fundamental importance for
an understanding of the exciton-phonon coupling in vibrating molecular
crystals and for a critical evaluation of the available calculations

and theoretical predictions e.g.ls-zo.

In solid Nz where the molecules are held toghether by the weak van der
Waals forces the electronic excitation of the molecules can be described

by Frenkel excitons, which interact with the crystal only via resonance

interaction. For the two transitions -'Ilg * x':; and v'Au - xl ::; with

small oscillator-strength the interaction is very weak and therefore the

excitations are strongly localized., The main interaction of the excited

state with the crystal is then an exciton phonon coupling's.

Recent quantitative high-resolution absorption measurements for solid

N, in the range of the v )

Au -~ x'z; and a 11‘ - x':; derived exciton pro-
gressions revealed a detailed fine structure of the vibrational bandl7’8.

In Fig. | the fine structure of a band of each transition is shown.
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On the low energy wing of each band onec can clearly see the sharp
zero phonon line (ZPL) ({nlmeV), and to higher energics the phonon
side band , which consist of the oue-two and multi-phonon excita-
tions of the Nz—laLLiCE . For the analysis,model calvulations had
been performed7 for zero K temperature wnich were bssed oun a local
Picture treating the latiice dynamics in a "supermolecule mcdel”zo,

in which orly a few shells around the excited molecule are allowed

to participate in the nuclear motions.

In the present experiment we have investigated the temperature depen-
dence of the line shape for both above mentioned transitions. Further,
we have dctermined the oscillator strength as a function of Lemperature
for a particular vibrational band for both transitions. lustead of
using the "supermolecule model" for the analysis we campare our cxperi-
mental results with the thevretical predictions bhased on excilon phonon
coupling in the strong coupling limit originally developed [or point

2|,22).

defects(e.g.
In the harmonic approximation and with linear coupling, the intensity

of the n-th phonon excitation is determined by a poisson distribuLiun21
1 /1 =
n' “ges

$ is the coupling parameter, which describes Lhe strength of the phonon

. . . . fes +
coupling to the electronic excitation. For the transition alng « XIZ

g
the parameter § is larger and therefore the phonon side band for this

excitation is more intense (see Fig, 1).
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With a kaown phonou vccupation number n{w) and a coupling function D{w)

. 22
the coupling parameter $ can be calculated™ :

S5(T) = | duD{w).(2n(u)+]) )

§r— g

Because ot the temperature dependence of the occupation number [or the
phonon states, the coupling parameter § becomes temperature dependent

and the spectrum changes with temperature.

2. Experimental details

The experiments have been performed with synchrotron radiation from the
storage ring DORTS at DESY. An extensive description of the experimental
details may be found in Ref. 8, Quantitative high resolution (&) = 0.15 %)
absorption spectra were recorded using the 3m normal incidence monochroma-

tor HONORML23

. Light from the exit slit of the monochromator traversed a
film of solid N2 condensed on a LiF window. The transmitted light was
detected by a solar blind phatomultiplier (EMR 542F-08-18). The samples
have been prepared by {reezing N2 gas under ultrahigh vacuum conditions
(p=3x 10—]0 Torr) onto the cooled substrate. The temperature was

varied between 6 and 30 K and the temperature was measured with an accu-
racy of | K by a carbon resist thermo—element. The sample gas was nitrogen
of A52 grade from Air Liquide. Its purity was checked during condensation
by a mass spectrometer. With this improved sample preparation technigque

we were able to prepare samples which showed very sharp spectral features

(see Fig. 1) limited mainly by the monochromator resclution.



An experimental problem arises at low temperatures, when the ZPL is very
sharp and therefore its measured hali-width and intensity is strongly
influenced by the resclution of the munochromatorza. To partly solve
this problem we have developed a computer programm in which the measured
half-width and area below the ZPL are transformed intv che real values
using a Gaussian of known width as the resolution funcrion of the mono-
chromators. Note that this correction of the measured spectra is only
relevant f[or sharp spectral features at low temperatures and is the

main reason for the error bars in Fig. 3 for Lhe dava points below 18 K.

3, Resulls and discussion

In Fig. 2 the fine structure of the v'=0 band ol the w]&u progression

is shown, measured at six different temperatures. With increasing tem-
perature, the structure becomes more diffuse and the ZPL loses intensity.
At 30 K the ZPL is only a small shoulder in the spectrum. Since the
coupling of the excitation to the lattice phonuns is temperature dependent
(see equation 2) , the [ine structure in the spectrum changes when the

temperature is varied.

According Lo equation 1, the coupling parameter $ can be derived from

intensity measurements of the whole band and of the ZPL:
5 :in(lgeslln) (3)
In order to determine the intensity of the ZPL and of the whole band, the

measured curve was approximated by a sum of Caussian curves and the area

was derived by integrating these, The experimental results appear in Fig. 3

plotted versus Tz. There the estimated ecrror bars at low temperatures

are mainly due to the finite monochromator resoluLion whereas at higher
temperatures they reflect the amgiguity in separating the ZPL {rom the
rest of the band. The experimental values for the ZPL width, the coupling

parameter S and the oscillator strength are collected in Table 1.

In order to compare our experimental results with the predictions of the
strong coupling model, equation 2 was transformed by assuming a Debye
spectrum for the phonon density uf states and a Bose-Einstein distribution

L2252
for the thermal occupation ™’ 5. One cbtains:

S(T) = 5(0) (1+21:/3(%}2) (%)
where O is Lhe Debye temperature of the crystal, If one plots the values
of 8§ at ditferent temperatures versus T squared, one should obtain a
straight line, the slope of which is a function of C. Such a plat is shown
in Fig. 3 using the values of table I. The measured valucs of § are very
close to a straight line which is derived by assuming a Debye temperalure
of & = 78 K. This value is in good agreement with that derived from measure-
ments of the specific heat for solid N2 26. This is a strong evidence, that
the [ine structure of the excitation w]Au < XIZ; in solid NZ can be des-
cribed within the model of strong exciton pnonon coupling at point defects,

and that obviously all acustical phonons of the N2 crystal are coupling to

the excitallon.



The alng state shows a different behaviour, The evaluation leads to
a Debye temperature of 110 Kg, which shows that the coupling to the
phonons is not the same as [or the wlﬂu state, The reason for this
differepce is that the transition to a]ﬂg remains parity forbidden
in the erystal, but the intensity can be enhanced by coupling
phonons of udd parity to the excitation. Therefore the oscillator

strength of this transition should be temperature dependent.

In Fig. 4 che oscillator strength of onc band of the two transitions
1

all <« XI

g

1 . . . . . .
the w Au eXcltation is completely temperature independent, the intensity

+ | 1.+ .
Zg and w Au « X Zg is plotted versus temperature. Whereas

! . . . .
of the a Hg band increases drastically with temperature, a behaviour

which is typical for a parity forbidden transition2|.

4. Conclusion

The analysis of the temperature dependent line shape for the weak
R .+ { 1.+ . . .

a Hg + X Zg and w Au + X Lg exelton transitions in pure solid

nitrogen has shown that these excitarions are strongiy localized and

can be well described within the model of strong exciton phonon coupling
at point defects. The excited molecules in the crystal represent point
detects which, contrary to vegular permanent point defects, disturb the

crystal lattice only slightly and therefore couple to all the phonon

branches of the lattice.

_8..
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Table |

Experimental values for the temperature dependent zero

phonon line width rZPL {in meV), the coupling parameter §,

and the oscillator strength for the v' =

1+ i : . .
w Au « X Eg transition in sclid nitrogen.

0 band of the

T (K) FEPL(meV) S f x 10
6 0.42 2,12 3.20
15 0.63 2.41] 3.18
20 0. 94 2,72 3.19
23 1.09 3.10 3.18
25 1.51 3.31 3.19
27 2.05 3.56 3.18
30 2.49 3.91 3.15
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Absorption spectrum of pure solid N

2 around hy = 8.90 oV

showing one vibrational band for each of Lhe two

o 1 + i
transitions a i < X]Z and w A« X'k
2 g u

+

1
g

Measured Lemperature dependence of the line shape for the

v' = 0 band of the wlgu<

st
&

transition in soiid NZ‘

: . 2 .
The coupling parameter S as a function of T™ for the

v' = 0 band of the lAu

— system. The straight line is

derived by assuming a Debye - temperature of 6= 78 K.

. 1
Oscillator strength of the v' = 0 baud of the w Au and

the v' = 2 band of the a‘ﬂg

temperature in sulid N

2°

transition as a function of
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