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Abetract

High Resolution (t£ = 0.76 meV) absorption profiles of the vibronio

bände in the ränge of the u a *• X E and a H * X E exaiton pro-
** y y y

gressiona at hv*8,9 eV in solid N. haue been rneasured in the tempera-

ture ränge between 6 K and $0 K. These excitationa ore Btrongly

localized eo that the obeeroed temperature dependence of the fine

etructure, consiating of a zefo phonon line and a phonon eide band,

can be deearibed Dery uetl in the model of etrong exaiton phonon

coupling at point defects. The experimentat reeutte for the u A

tranaition are found to be oonsiatent uith the aaeumption of a Debye

speatmm for the phonon density of states and ue derive a value for tha

Debye temperature of & = 78 K, ahich ie in very good agreement trith

that derived from other measuremente.

Work supported in part by Bundesministerium für Forschung und Technolog'«.

Submitted to Chem. Phys.

- 2 -

1. Introduction

The wid th 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- , energy loss- ,
6,8.10-12 13 umatrix Isolation- and photoelectron-spectroscopy for the

investigation of its electronic structure. Despite this extensive work,

unt i l 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 fot a critical evaluation of the available calculations

and theoretical predictions e.g.

In solid N where the molecules are held toghether by the ueak 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. Fot the two transitions a n * X Z* and w a *• x'l* with
g g u g

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

excitations are strongly localized. The main interaction of the excited

state wi th the crystal is then an exciton phonon coupling .

Recent quantitative high-resolution absorption measurements for solid

N, in the ränge of the w A * X E* and a n * X l l+ derived exciton pro-
* u g 8 g

gressions revealed a detailed f ine structure of the vibrational bands7 '8.

In Fig. l the fine structure of a band of each transition is shown.



On the low energy wing of each band om- can clearly see the sharp

zeri) phonon liiie (ZPL) {f i i lmeV}, and to higher energics the phonon

side band , which consist of the one-twn and mul t i -phonon excita-

Lions, of the N.j-laitice . For the .-malysisjUiodel c a l n u l a t i o n s had

been performed for zero K. temperuturt : which were b.ised on ;i local

, 1?o
picture t rea t ing the lat-Lice dynamics in a supermolec-.nl e modrl ,

in which on ly a feu Shells around L he excited molecule are allowed

to par t ic ipa te in ehe nuclear nioLions.

In the present Exper iment ue have iiivesLigate.d the temperature depen-

dence of the line shape for both above m e n t i o n e d t ransi t ions. Further ,

ue have dctermined the oscillator strcu^Lh äs a function of temperature

for a part icular v ih ra t i cma l band for b u L h transitioiis. InsLead of

using the "supermolecule modcl" for the ana lys i s we compare our cxperi-

tnental results uith the theuretical prediutions based on exciLon phonon

coupling in the streng eouplin^ limit o r ig ina l ly developed for point

j f , 2 1 , 2 2 ,defec ts (e .g . ) .

In the harmonic approximation and with linear cnupl ing , the in tens i ty

of the n-th phonon excitat ion is determined by a poisson d i & t r i b u t i

l / I
n ges

Sn/n! (D

S is the coupling parameter, wliich describes Lhe strength of the phunon

coupling to the electronic excitation. For the transit ion a n +- X I
S g

the parameter S is larger and therefore the phonon side band tor this

excitation is more intense (see Fig. 1).

- 4 -

W i t h a known phonon oi;c-.upation number n(ui) and a coupling funct ion D(UJ)

the coupl ing parameter S can be calculated :

Because ot the temperature dependence of the oucupation number lor the

phonon states, the coupling parameter S beturnes tetnperature dependent

and the spect rum changes wi th tempera ture .

2. Experimental deLa i 1s

The experimenLS have bef?n performed with Synchrotron rad ia t ion f rom the

storage ring DORIS at DESY. An extensive description of the cxperimental

details may be tuund in R e f . ö. Quantitative high re so lu t inn ( ^ A = 0.15 A)

absorption specira were recorded using the 3m normal incidc' .ncc rnonochroma-

23
tor HONORJMi . Liglu Cruni the exit slit of the monothtrumaLor traversed a

f i l m of solid N-, Condensed on a LiF window. The t ransmit ted l ight was

detected by a solar bl ind phntomul t ip l i e r (EWR 542F-08-18). The samples

have been prepared by ireezing N gas under ulLrahigh vacuum conditions

(p = 5 x 10 Torr) onLo the cooled Substrate. The temperature was

varied betueen 6 and 30 K and the temperature was measurcd wich an accu-

racy o£ l K by a carbon resist thermo-element. The sample gas wa.s ni trogen

of A52 grade frora Air Liquide , Its pur i t y was chei-.küd dur ing cnndensat ion

by a roass spectrometer. With this improved sample preparaticn techniquc

we were able LD prepare safliples whicjh showed very sharp spcctral fea tures

(see Fig. I) l i m i t e d mainly by the monochromator resolution.
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An experimental problem arises at low temperatures , when the ZPL is very

sharp and therefore its measured half-width and intensity is strongly

24
influenced by the resulut ion of ehe monochrom* to r . To par t ly solve

this problem we have developed a Computer programm in which the measured

ImlE-width and area below tlie ZPL are tran.sformed intu the real values

using a Gaussian of known width äs Lhe resolii t imi funct ion of the mono-

8chromator . Note t ha t this correction ot the measured spectra is only

relevant tor sharp spectra l f e n t u r e s a t low Leir.peratures and. i s the

main reason for the error bars; in Fiß- 3 fx>r Lhe daLa points below '-18 K.

3. RüsulLs and discussjlqn.

In Fig. 2 the fine structure of the v '=0 band oE tlie w i progression

is shown, measured at six d i f f e ren t teTnperatutes. Wi th increasing tem-

pera ture , the structure becomes more d i f f u s e and the Z PL loses intensity.

At 30 K the ZPL is only a small shoulder in Liie spectrum. öince the

coupling o t the excitation to the latt ice phimuns i s temperature dependent

(see equation 2) , the Eine structure in the spectrura changes when the

temperature is varied.

Accurding tu equation l, the coupling parameter S can be derived f rom

intensity measurements of the whcle band and of the ZPL:

S = i n (L /1 )
ges o

(3)

In Order to detenaine the intensity of the ZPL and ni the whole b;md, the

measured curve was approximatsd by ;i sum of Caussian curvc-n and the area

was derived by integrating these. Thü experimental results appear in Fig.
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plotted versus T . Ihere the estimated error bars at low temperatures

are mainly due to the finite tnanochromator resoluLion whereas at higher

temperatures they reflect the ambiguity in separating the ZPL Erom Lhe

rest of the band. The experimental values for the ZPL width, Lhe c.uupling

Parameter S and the oseillator strength are collected in Table 1.

In order to compare our experimental results with ehe predietions oE the

strong coupling model, equation 2 was transformed by aaauming ;i Debye

spectrum for the phonon dünsity uf states and a Bose-Einstein distribution

for the t tiermal occupat ion ' . One cbtains:

(4)

whcrc 0 is Lhe Debye temperature of the crystal. If on« plots the values

of S at ditferent temperatures versus T squarcd, one shnuld obtain a

straifiht l ine, the slope of which is a function of 0. Such a plnt is shown

in Fig. Ji \iHin^ the values of table I. The measured valucs of S are very

clo.se Lo a straight line which is derived by assuming a Debye LemperaLure

af ö = 78 K. This value is in good agreement with LhaL derived from measure-

ments u£ the specific heat for solid N. . This is a strong evidence, that

the Eine structure of the excitation w A •• X L in solid K. can be des-
n g 2

cribed w i t h i n t he model uf strong exciton phonon coupling at point defects ,

and tha t ohviously all acustical phonons of the N crysta l are coupling to

the exc iLaLion .



The a n state shows a different behaviour. The evaluation leads to
g

0

a Debye temperature o i" MO K , which shows that the coupling to t he

phonons is HOL the same äs for Ehe w i state. The reason for this

difference ia that ehe transition to a H remains parity forbidden

in the crysLal , but the intensity can be enhanccd by coupl ing

phonons of udd par i ty to the excitation, Therefore the oscillator

strength of this transit iuii should be temperature depeiident.

In Fig. A the oscillator strength of cmc band of the two transitions

a H < X Z and w A «- X £ is p l o L L e d versus temperature. Wliereas
S g u g

the w A cxcitatiun i a completely Lemperature independcnt, the inten-si ty

of the a n band increases dras t ica l ly wich temperature, a behaviour

2 j
which is typical Hör :i parity forbidden transitiou

4. Conclusicin

The analysis uf the temperature dependent line shape for the weak

l l + l l +
a ng "*" X Lg and w Au """ X ^g excicun t ransi t ions in pure solid

nitrogen has shown that these excitations are s t rong iLy localized and

can be well deacribed within the model of strong exciton phonon coupLing

at pn int defects. The exciLed molecules in the crysnal represent point

defects which, cuntrary to regulär permanent point defec ts , d i s tu rb the

crystal lattice unly slightly and therefore couple to all the phonon

branches of the lattice.
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Table l
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Experimental values for the temperature dependent sero

phonon Line width T„„T C^n meV), the coupling parameter S,
L rL

and the oscillator strength for the v' = 0 band of the

w A * X E transition in solid nitrogen.

T (K)

6

15

20

23

25

27

30

PzpL(meV)

0.42

0.63

0.94

1.09

1.51

2.05

2.49

S

2. 12

2.41

2 , 7 2

3 .10

3.31

3.56

3.91

f x 10

3.20

3.18

3 ,19

3.18

3. 19

3. 18

3.15
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Figure Captions

Absorpcion spectrum of pure solid N., around h v = 8. 00

shuwing one vibrational band for each of ulic t wo

transittons a <- X1 l"*" and w1 Ae u

Fig. 2 ; Measured Leraperacure dependence of the l ine shape Tor the

v' = ü band of the w i < x ; t raas i t ion in solid N „ .u g 2

Fig. 3: The coupling parameter S äs a funct ion of T for the

v1 - 0 band of the A - sysCem. The straight lint is

dcrivcd by assuming a Diibye - temper;itnre uf S= 78 K.

O.siiillaLor sLrengtli uf L he v ' = 0 band of the w ü and

the v ' = 2 band of the a 71 t ransi t ion äs a func t ion of
g

temperature in sol id N ~ .
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