
Luminescence spectra of matrix isolated N2 at high pressure and low
temperature
M. Semling, M. Jordan, K. Syassen, H. J. Jodl, and G. F. Signorini 
 
Citation: J. Chem. Phys. 106, 1336 (1997); doi: 10.1063/1.473287 
View online: http://dx.doi.org/10.1063/1.473287 
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v106/i4 
Published by the American Institute of Physics. 
 
Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/ 
Journal Information: http://jcp.aip.org/about/about_the_journal 
Top downloads: http://jcp.aip.org/features/most_downloaded 
Information for Authors: http://jcp.aip.org/authors 

Downloaded 12 Nov 2012 to 150.217.154.21. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://jcp.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1503947069/x01/AIP/Nvidia_JCPCovAd_728x90Banner_Oct24_2012/NVIDIA_GPUTestDrive_1640x400_static.gif/7744715775302b784f4d774142526b39?x
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Semling&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Jordan&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=K. Syassen&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. J. Jodl&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=G. F. Signorini&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.473287?ver=pdfcov
http://jcp.aip.org/resource/1/JCPSA6/v106/i4?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://jcp.aip.org/about/about_the_journal?ver=pdfcov
http://jcp.aip.org/features/most_downloaded?ver=pdfcov
http://jcp.aip.org/authors?ver=pdfcov


Luminescence spectra of matrix isolated N 2 at high pressure
and low temperature

M. Semling and M. Jordan
Universität Kaiserslautern, Fachbereich Physik, Erwin-Schro¨dinger-Strasse, D-67663,
Kaiserslautern, Germany

K. Syassen
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany

H. J. Jodl
Universität Kaiserslautern, Fachbereich Physik, Erwin-Schro¨dinger-Strasse, D-67663,
Kaiserslautern, Germany

G. F. Signorini
Laboratorio di Spettroscopia Molecolare, Dipartimento di Chimica, Universita` di Firenze,
via G. Capponi 9, 50121 Firenze, Italy

~Received 11 July 1996; accepted 14 October 1996!

N2 molecules with a concentration of ca. 1% were isolated in Xe, Kr, and Ar. X-ray stimulated
luminescence (A 3Su

1→X 1Sg
1) was investigated as a function of pressure~,30 GPa!, temperature

~300 K and 77 K!, and matrix material. Observed UV transitions were interpreted as rovibronic
transitions of the impurity molecule along with phonon sidebands as lattice excitations. Spectra
were analyzed due to band maxima of vibron progressions, bandwidth, and bandshape, Franck–
Condon profiles, and molecule constants, each as a function of pressure. The main result was a shift
of band maxima with pressure to lower energies at a rate of 100 cm21/GPa in Xe, 50 cm21/GPa in
Kr, and 10 cm21/GPa in Ar. We modeled and explained these pressure-induced shifts of electronic
bands by two mechanisms: a dielectric effect and a volume effect. ©1997 American Institute of
Physics.@S0021-9606~97!00704-6#
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INTRODUCTION

The technique of matrix isolation is applied successfu
to almost any kind of spectroscopy and it deals either w
physical or chemical oriented questions since it was de
oped in 1954.1,2 If a guest particle is isolated in the ho
matrix, the deformation of the first shell of neighboring rar
gas atoms is of the order of 1% or less compared to
undistorted configuration. This volume or cage effect is p
of the contribution to the matrix shift, defined a
Dnm5nmi2ngasandn the energy of any kind of transition in
the guest. If ultra high pressure~less than 10 GPa atT,20
K! is applied, the crystal shrinks additionally and the latt
constant is reduced by 10%–30%. Since high pressure m
ods, especially the diamond anvil cell~DAC!, are available
~;1980! and are also successfully linked to almost any k
of spectroscopy3,4 it is straightforward to combine matrix
isolation to high pressure techniques to raise the follow
questions:

~i! This type of condensed matter consisting of mole
lar crystals, mixtures, or diluted systems occurs in com
~Halley! or in moons of Uranus; it is challenging to mod
the IR spectra of these astrophysical objects by N2, CO, ice,
methane, etc.

~ii ! Because it is feasible to now study individual pa
ticles in Paul-traps5 or detect the light of individual particle
in solids,6 it might be interesting to study now quasi-free
matrix isolated molecules under extreme conditions such
ultra high pressure; then we expect the bondlength of
molecule to be changed remarkably by ca. 1023.
1336 J. Chem. Phys. 106 (4), 22 January 1997 0021-9606/9
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~iii ! Applying pressure will change the strength
guest–host interaction, because all the potential parame
such as potential depth, equilibrium distance, and pola
ability, are heavily pressure sensitive. In addition by varyi
pressure the interaction distance between lattice particle
altered and the potential will be tested on a larger scale
not only around the potential minimum.

~iv! Since the theoretical matrix shiftDnm consists of
different contributions—such as electrostatic interaction,
duction and dispersion, short range repulsion7—which are
difficult to be determined by spectroscopy or scattering
periments, the additional pressure shiftDn(p) by volume
decrease will mainly help to get a deeper insight into t
guest–host interaction.

Possible candidates which can easily be loaded int
DAC from respective gas mixtures are N2, O2, CO2, CS2,
etc. in rare gases Ne, Ar, Kr, Xe. We expect forbidden ro
bronic transitions to be partially allowed by pressure, th
bending progressions are altered, etc. As a first example
series of measurements of matrix isolated molecules at h
pressure, we investigated the x-ray stimulated optical lu
nescence spectra of N2 isolated in rare-gas matrices~Ar, Kr,
Xe! at high pressure~p,30 GPa! and varying temperature
~T577–300 K! in the region of the Vegard–Kaplan band
A 3Su

1→X 1Sg
1. Characteristics of these rovibronic band

such as band maxima, bandshapes, bandwidths, and int
ties, are determined as a function of temperature, press
and matrix material. We will analyze these data due to st
dard methods of molecular spectroscopy and discuss the
7/106(4)/1336/10/$10.00 © 1997 American Institute of Physics
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1337Semling et al.: Luminescence spectra of matrix isolated N2
terms of pressure induced cage effect and matrix effects
Considering published literature~;1970–1995! there

are very few publications on matrix isolation at high pre
sure: IR studies up to 1.5 GPa at 5 K in H2/rare-gas
mixtures;8 Raman studies up to 1 GPa at 77 K in N2/Ar
mixtures;9 absorption measurements in Xe to determine
pressure dependence of the gap energy in the UV regio10

pressure dependent fluorescence investigations on Cr31 ions
in Al2O3;

11 Raman studies up to 40 GPa at room tempera
on H2 in He, Ne, Ar, and D2;

12 synchrotron IR spectroscop
at megabar pressures in o/p hydrogen.13

EXPERIMENT AND RESULTS

Nitrogen and rare gases~Ar, Kr, Xe! of standard purity
were premixed~0.5 to 1 bar N2 and rare gas at final pressu
of 60 bar! and the sealed DAC was loaded by use of a
loading apparatus. Therefore, the concentration of ma
isolated molecules—due to partial pressure—was about
or less. The luminescence of N2 moleculesA

3Su
1→X 1Sg

1

was excited by x rays~Mo tube 50 kV, 55 mA! and analyzed
by a computerized optical spectrometer. The local press
was determined by the ruby fluorescence technique.14 In the
case of low temperature investigations, the DAC was
serted in a liquid N2 filled cryostat. Figure 1 shows typica
spectra for N2 in Xe. The rovibronic bands forbidden in th
free molecule15 and partially allowed in the rare-ga
matrices16–19are shaded to lower energies.

Influence by pressure and temperature is distinctly r
ognizable. The band assignment is straightforward due
zero pressure measurements16 with the usual meaning: e.g
0/5 means a transition within the N2 molecule from an elec-
tronic excited level at vibrational ground stateA 3Su

1(v8
50! to the electronic ground state at vibrational excited st
X 1Sg

1~v955!. We studied several samples of N2 in Xe, Kr,
and Ar and obtained the following qualitative picture~Fig.
1!: Band intensities of N2 in Xe, Kr, and Ar decrease con
tinuously by about 50% raising pressure. In Xe we obser
stronger bands than in Kr and Ar, due to larger x-ray abso
tion; in Xe only these band intensities fade away at a ch
acteristic pressure of ca. 15 GPa. The vibronic band max
shift to lower energies with pressureDn/Dp'100 cm21/GPa
in Xe, 50–60 cm21/GPa in Kr, and 10 cm21/GPa in Ar. In
general and on the contrary, vibrational frequency shifts w
pressure are to higher energies and of the order o
cm21/GPa for internal molecular modes and 10 cm21/GPa
for molecular lattice modes. Since these energies for e
tronic transitions~;30 000 cm21!, for vibron ~;3000 cm21!,
and for lattice mode transitions~,100 cm21! are so different
in size, it is more meaningful to compare here relative f
quency shifts with pressure (1/n i)/(Dn i /Dp). Considering in
addition the influence of the different matrices on the is
lated molecule via their compressibilitybT , we apply
the concept of mode Gru¨neisenparametersg i :5(1/
bTv i)/(Dv i /Dp) and determine values between 1022 and
1023. The bandshape of individual vibronic transitions r
sembles a symmetric Gaussian profile whose asymmetry
rameter decreases slightly with pressure. Band widths
J. Chem. Phys., Vol. 106,

Downloaded 12 Nov 2012 to 150.217.154.21. Redistribution subject to AIP 
-

e
;

re

s
ix
%

re

-

-
to

te

d
-
r-
a

h
1

c-

-

-

-
a-
e-

crease by cooling and increase with pressure, as expe
The maximum of Franck–Condon profiles shifts slightly
higher energies with pressure in the case of N2 in Xe and is
almost unaffected in the case of N2 in Kr and Ar. To model
individual bands, shaded to smaller energies~see Fig. 1!, we
use either a pure mathematical fit procedure or a physical
based on combined bands consisting of a zero phonon
and a phonon sideband~see later!.

DISCUSSION

First, we will describe the excitation mechanism aft
x-ray absorption; then we will analyze spectra with respec
band maxima, bandwidth, and shape, to discuss how m
ecule constants may change. Finally, we will model the f
quency versus pressure shift to lower energies by two c
tributions: a decrease in volume and a change in dielec
properties as a function of pressure. But before this,
would like to repeat briefly what is known in the literature o

FIG. 1. Some luminescence spectra of N2 in Xe at different pressures and
temperatures are presented. These progressions belong to rovibronic t
tions A 3Su

1(v850)→X 1Sg
1(v9); the assignment 0/5 for example mean

an electronic transition from vibrational levelv850 to v955.
No. 4, 22 January 1997

license or copyright; see http://jcp.aip.org/about/rights_and_permissions



.

1338 Semling et al.: Luminescence spectra of matrix isolated N2
FIG. 2. Left part: Excitation mechanism~details see text, Discussion!. Right part: Energy gap as a function of pressure in solid Xe
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vibrational relaxation in theA 3Su
1 state of N2 in rare-gas

matrices at low temperature and zero pressure.
Tinti and Robinson16 investigated x-ray stimulated lumi

nescence of N2 isolated in Ne, Ar, Kr, and Xe atT55 K and
zero pressure. They proposed an assignment of the Veg
Kaplan band system (A→X), determined molecular con
stants of matrix isolated in comparison to gas phase val
and studied in detail decay times of the vibrational relaxat
in the A 3Su

1 state of N2 ~t50.4–3 s.!. Jodl and Bruno19

extended those investigations to different temperatures
to various N2 concentrations. All individual bands show
distinct fine structure and temperature dependent bandw
which was attributed to vibron–phonon coupling. T
matrix-shiftDnm from experiment was explained by a the
retical model based on guest–host interaction due to c
bined Lennard–Jones type potential between the N-atom
rare-gas atom. Ku¨hle et al.18 excited selectively individua
electronic statesA 3Su

1 of N2 molecules embedded in Xe b
synchrotron radiation and detected total luminescence. S
tematic investigations of relative band intensities gave
sight into competitive depopulation channels of excited l
els like radiative or nonradiative vibrational relaxation a
electronic energy transfer within N2 aggregates. Panet al.

17

excited N2 molecules isolated in Ne, Ar, and Kr matrices b
an electron beam. All bands exhibit a doublet~spacing
35–70 cm21! due to two distinct emitting crystal sites of th
N2 molecules in these matrices. By adding different furth
small molecules~CO, NO, etc.!, a further relaxation channe
of vibrational energy of N2 molecules by energy transfer t
suitable acceptors is opened, besides the one already kn
and described above.

Excitation mechanism and relaxation channels

X rays are absorbed by the rare-gas bulk material; m
in Xe than Kr and Ar, due to theZ dependence of x-ray
absorption. This behavior obviously explains why we o
serve a stronger N2 luminescence in Xe than in Kr or Ar
J. Chem. Phys., Vol. 106,
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From the isolator conduction band the excitation energy
deposited into bulk exciton levels, lying at 8.4 eV for X
10.0 eV for Kr, and 11.6 eV for Ar.20 The isolated N2 mol-
ecule is probably excited mainly by energy transfer fro
these lowest exciton bands~see Fig. 2!. Then vibrational
relaxation in the electronically excited stateA 3Su

1 of N2

molecules follows. At the end of this process, luminesce
from the molecule is radiated within seconds, because th
vibronic transitionsA 3Su

1(v850)→X 1Sg
1(v9), known as

Vegard–Kaplan bands, are spin forbidden.
Now, if we apply pressure it is known that the band g

energy of the rare-gas matrix material is lowered~right part
of Fig. 2 for Xe due to Refs. 10 and 21!. If the exciton levels
in Xe are lying below the pure electronic transition of th
molecule~for N2-gas atp50 T0056.2 eV!, no energy can be
transferred from the matrix to the impurity and the total l
minescence intensity will suddenly decrease. This happ
here for Xe atT5300 K at aboutp*;15 GPa; due to Fig. 2
this means a gap energy at 6.0 eV. This formal difference
energies~T00 of N2 at p50 andEgap of Xe at p* ! can be
interpreted as a frequency shift to lower energies of 1
cm21/GPa in Xe ~see discussion later!. We observed this
drastic decrease in intensity in Xe only, since our appl
pressure range of less than 20 GPa was too small to lo
also the band gap energy in Kr and Ar below the electro
transitionT00 of N2 molecule.

Cooling the sample toT577 K, we observe a decreas
in vibronic band width as expected~Fig. 1!. In addition, we
observe transitions from vibrational excited leve
A 3Su

1(v850,1,2) to X 1Sg
1(v9), so-called hot bands

Former investigations were performed at different low
temperatures with the following result: atT55 K Tinti
et al.16 observed transitions A 3Su

1(v850–6) to
X 1Sg

1(v957–15), atT577 K Jodlet al.19 registered tran-
sitions A 3Su

1(v850–3) to X 1Sg
1(v952–12), and in

these experiments atT5300 K we assigned vibron band
No. 4, 22 January 1997
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1339Semling et al.: Luminescence spectra of matrix isolated N2
A 3Su
1(v850) toX 1Sg

1(v952–9) only. Therefore, due to
temperature there is a competition between two relaxa
channels: radiative and nonradiative transitions. This
process, i.e., vibrational relaxation in the electronically e
cited state~vibrational energy inve;1460 cm21 of N2* !,
must be much shorter than the radiative emission lifetim
The strong temperature dependence~T55 K to 300 K! fa-
vors a phonon assisted process@vD ~rare-gas solids!;45 to
65 cm21#.

Further relaxation channels must be discussed but
improbable to our mind:

~i! Absorption of x-ray energy may dissociate N2 mol-
ecules to produce N-atoms~energy at dissociation 9.8
eV!—or even N2-ions. We could not register any emission
N-atoms~known in literature16!, which should be orders o
magnitude weaker than this luminescence intensity of
lated N2 molecules.

~ii ! Traces of impurities may act as a quencher of t
radiative emission: from electronically excited N2 via elec-
tronic levels of impurity molecules~e.g., O2 in the gas phase
T0054 eV! or from vibrationally excited N2 ~Dn952330
cm21, Dn851460 cm21! to impurity vibrations ~CO:
Dn952100 cm21, O2: Dn951550 cm21, NO: Dn951900
cm21!. Since we evacuated and purged the sample gas
we expected impurities of this type to be less than 1%.

~iii ! There is a certain possibility for depopulation
vibrational excitation in theA-state of the molecule via N2
aggregates, if the concentration is high enough~few percent
of N2!. Kühle et al.18 observed that relaxation takes pla
exclusively in steps ofDn852, seen in the intensity pattern
and this is strongly dependent on N2 concentration. We ob-
served a regular Frank–Condon pattern~see Fig. 1!; conse-
quently, we can assume a N2 concentration of less than 1%
and well separated matrix isolated molecules.

Frequency shifts by pressure and matrix material

Since the N2 molecules are isolated in Xe, Kr, or Ar w
can basically use the model of a simple harmonic oscilla
in a cage along with the following three extensions: sta
relaxation of the molecular geometry at a substitutional s
modified dielectric properties due to the surrounding mat
and dynamical coupling of the oscillator motion to the ph
non bath due to temperature. Therefore, it is straightforw
to evaluate the luminescence spectra~Fig. 1! according to
principles of molecular physics.

After assignment (A 3Su
1(v850)→X 1Sg

1(v951–9))
we can plot the maxima of vibron bands versus press
~Fig. 3! and use a polynom for fitting

nRGS~p!uT5300 K5n0~p50!1
Dn

Dp
p1O~p2!.

The justification for this parabolic fitting is given by Lin,22

one of the very few publications on that matter. The theor
cal model by Lin22 predicts that the pressure induced fr
quency shifts of vibronic bands are the same; the pres
dependence of the frequency shifts is in general parab
sometimes linear. But he considered only the ‘‘volum
J. Chem. Phys., Vol. 106,
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term’’ such that addition of external pressure will displa
nuclear coordinates; if this displacement is negative~posi-
tive! with pressure one observes a shift to smaller~larger!
energies. Of course we know the matrix lattice is contrac
by pressure; but we can neither estimate the cage volume~N2
molecule on a substitutional site of rare gas matrix!, nor the
change of bondlength during the vibronic transition of t
matrix isolated molecule affected by pressure. So Li
model22 is not directly applicable here.

The extrapolated frequency values of the N2 lumines-
cence in Xe, Kr, and Ar to zero pressure values atT5300 K
agree well with data from literature atT577 K19 and atT55
K16within instrumental error and frequency shift by differe
temperatures. The slopesDn/Dp are the same for differen
vibronic bands and are approximately2100 cm21/GPa for
Xe, 250 for Kr, and210 for Ar ~see Fig. 3!. Only in Xe
matrices do we observe a small parabolic behavior of
bands according tod2n/dp258 cm21/GPa2. This relative
frequency shift~1/n!•~Dn/Dp! ~not directly identical to mode
Grüneisenparameters! is exploitable for further consider
ations only, especially in size and sign. Their relative
bronic shifts at frequency of;40 000 cm21 are of the order
of 21024 GPa21, whereas vibrational shifts at frequencies
;2000 cm21 deliver values like11023 GPa21 and shifts for
phonon excitations~;100 cm21!11021 GPa21. The positive
frequency shifts of the last two kinds of excitations are qua
tatively explainable in simple mass-spring model in whi
relevant energy levels of an oscillator are shifted to hig
energies by pressure. This negative frequency shift in
case of vibronic excitations means that each vibronic leve
changed individually by pressure such that the difference
tween excited state and ground state of matrix isolated N2 is
getting smaller.

Before trying to find a suited model to explain this re
shift of luminescence maxima in Xe, Kr, and Ar, we ma
compare first these shifts in size and sign to other pres
dependent parameters to realize the correct dependen
the model. The ratio of these frequency shifts~cm21/GPa! is

FIG. 3. Band maxima~in cm21! of luminescence spectra as a function
pressure~in GPa! for N2 in Xe atT5300 K ~notation 0/5, for example, as in
Fig. 1; the solid lines serve as guide for the eye!.
No. 4, 22 January 1997
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1340 Semling et al.: Luminescence spectra of matrix isolated N2
~2100!:~250!:~210! for Xe, Kr, and Ar, respectively. If we
do not consider the cage, i.e., the first shell of matrix ato
around a N2 molecule, but only the bulk behavior with pre
sure in the quasi-harmonic approximation~n}V2g!, we can
explain the red frequency shift by a volume decrease if
raise pressureDn/Dp}2DV}bT . Now, comparing the dif-
ferent rare-gas solids via the isothermal compressib
bT~GPa

21!, we get 0.27:0.29:0.34 for Xe, Kr, and Ar,23

which conducts to a reverse order from Xe to Ar. Therefo
this red shift cannot merely be explained by a bulk ter
describing the compressed bulk material. A second term
comparison may be the matrix-shift,Dnm5nSolid2ngasof the
pure electronic transition of the N2 molecule atp50 and
T55 K [A 3Su

1(v850)→X 1Sg
1(v950)]. Theratio of ma-

trix shifts ~cm21! are~2342!:~2238!:~2131! in Xe, Kr, and
Ar,19 showing the right size and trend as the pressure
duced frequency shift of luminescence maxima. This ma
shift in general is formed by several parameters like the
tential parameters of the free and isolated molec
~Lennard–Jones type of potentiale,s! and the interaction of
impurity with matrix described by dielectric paramete
Therefore, we suggest a third comparison via polarizabil
The ratio of the bulk polarizabilities are 4.0:2.5:1.6 of X
Kr, and Ar.24 Consequently the trend Xe, Kr, and Ar v
matrix shift and polarizability are the same.

Bandshapes and bandwidth

Each vibron band of N2 luminescence in Xe, Kr, and A
at room temperature and small pressure is strongly asym
ric as measured from band maximum toward lower energ
to be 750–900 cm21 in comparison to bandwidth~;600
cm21! and resolution~;200–300 cm21! ~see Fig. 1!. Cool-
ing the sample toT577 K this red tail and the bandwidt
decreased by a factor of 3 roughly; a general trend as
expected. Raising pressure within cell this asymmetry
creased clearly in Xe by a factor of 2, whereas in Kr it loo
to be constant and in Ar we observed a slight increa
whereas bandwidths of vibron bands increased linearly w
pressure in all matrices~see Fig. 4!.

To perform a more quantitative analysis for physical
terpretation of this asymmetry in bandshape we conside
two kinds of fit procedures:

~i! All bands in one spectrum were fitted by one asy
metry parameter~of course, in addition, background an
slope! by individual asymmetric Gauss-fit functions. The ju
tification for this physical model is twofold: this fit procedu
is usually applied and well tested in pressure dependen
minescence studies of semiconductors. On the other h
Lin22 derived bandshape functions of vibronic bands in
sorption and emission for molecular crystals, which are
scribed by an asymmetric Gaussian function.

~ii ! Each individual vibron band is modeled by on
Gaussian profile as the zero phonon line~pure vibronic tran-
sition within molecule! and another Gaussian at the low
energetic side in spectrum as the phonon sideband. By
combination band we can model the relaxation of the ma
material to an electronic transition of the impurity molecu
J. Chem. Phys., Vol. 106,
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This dynamic interaction must obviously be temperature an
pressure dependent.~For general purposes see Ref. 25!.

The justification for this second model~ii ! is as follows:
In emission these so-called Vegard–Kaplan bands show
red tail16,19as in our spectra; in absorption this phonon side
band must be situated at the higher energetic side of the ze
phonon line.18 The spacingDE between the maxima of these
two Gaussian bands in one vibronic transition
[A 3Su

1(v850)→X 1Sg
1(v9)] is about 350 cm21 atT5300

K ~kT5210 cm21! and 120 cm21 at 77 K ~kT560 cm21!,
which meansDE;2 kT. Considering a Debye frequency for
matrix material of about 50 cm21, about,10 bath phonons
are excited during the relaxation of the bulk to a pure elec
tronic transition in the impurity. For comparison the nonra
diative vibrational transition in theA 3Su

1 state~Dn851460
cm21! requires about 30 bath phonons. The bandwidth of th
phonon sideband is~at low pressures! about 800 cm21 at 300
K and 400 cm21 at 77 K. Due to the relaxation process one
has to sum up and weigh according to sample temperatu
the multi-phonon density of states leading to such broad fe
tures. This deconvolution of one asymmetric band into tw
Gaussian curves delivers the bandwidth of zero phonon lin
and phonon sideband which are reasonable in size and var
tion with pressure~see later!. In Xe we stated a decrease in
asymmetry parameter with pressure. Since all featur
broaden by pressure—the zero phononline due to pressu
inhomogeneities and the phonon sideband due to press
dependence—details of the fit function are smeared out. D
to literature similar values at zero pressure are as follow
Tinti et al.16 report a red tail 300–400 cm21 in emission at 5
K and Kühle et al.18 a blue tail 150–200 cm21 in absorption
at 7 K. The bandwidth of zero phononline is reported to b
;40 cm21 by both authors. Ku¨hle et al.18 determined a
Huang–Rhys factor to describe this electron–phonon co
pling ~see for instructions also Ref. 25!: they found a me-
dium size electron–phonon coupling strength from intensit

FIG. 4. Bandwidth as a function of pressure for one specific transition as a
example: N2 [A

3Su
1(v850)→X 1Sg

1(v956)] in Xe atT577 K. At small
pressure resolution is limited by bandpass of monochromator because
weak signal; at high pressure bands are broadened and deconvolution
individual bands is problematic.
No. 4, 22 January 1997
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1341Semling et al.: Luminescence spectra of matrix isolated N2
ratios in spectra and they modeled the bandwidth of sideb
feature by 4–5 bath phonons with an average bath phono
;32 cm21 at T55 K.

Since electron–phonon coupling is much stronger th
phonon–phonon coupling, in principle, this gives rise
multi-phonon excitations. Consequently, bandwidth and p
non sideband are much broader than in pure vibrational t
sitions: here bandwidth of vibronic transition;30 cm21,
whereas bandwidth of pure vibration,0.1 cm21.26

Other possibilities to describe this asymmetry in
bronic bands are briefly discussed now:~i! polymer features
next to monomer transitions~spacing,1 cm21! are reported
by Kiefte et al.27 for N2 in Ar and ~ii ! transitions fromv8.0
levels, observed atT577 K ~see Fig. 1!, may also be pos-
sible, atT5300 K. These hot bands, lying close tov850
transitions, are much weaker in intensity and may mislea
asymmetry. But due to Fig. 1 this may be an explanation
the v850 to v957 asymmetry~sum of v850 to v957 and
v852 to v959 transitions!; but there is no counterpartv8.0
to v9 for the v850 to v955 transition.~iii ! Since N2 mol-
ecules may rotate in the matrix cage, we can apply the w
known rotor model too. Due to temperature and select
rules we expectP andR branches which are symmetric t
the QJ branch ~here called zero phonon line! delivering a
bandwidth of 150–200 cm21 at rotationsJ510 to 12. ~iv!
Since this asymmetry is clearly temperature and pressure
pendent, as described above, we cannot justify this by in
mogeneous broadening. Part of the ZPL is certainly inhom
geneous due to crystal quality and local stress.~v! In
literature about matrix isolated molecules, site splitting
vibron transition are reported to be;40 cm21 ~mainly in Ar
matrices!.

From our spectra extrapolated to zero pressure, we
extract the temperature dependence of vibron bandwidt
be 400–500 cm21 at 300 K and;200 cm21 at 77 K ~Fig. 4!.
In combination with data from literature, such asG~T55
K!;30 cm21 in emission19 and G~T57 K!;40 cm21 in
absorption,18 these values at three different temperatures
low a linear relation. Since bandwidth is directly related
phonon occupation number,26 G(T)}n(T,v) is proportional
to T in the high temperature case. Similarly bandwidth
phonon sideband evolves:G~T55 K!;160 cm21,19 G~T577
K!;200 cm21, andG~T5300 K!;300 cm21.

All bandwidth at a given temperature broaden due
pressure, as presented in Fig. 4 for Xe at 77 K. The erro
pretty large, since the luminescence signal was weak
deconvalution into two Gaussian profiles produced some
certainty. Nevertheless, this linear increase of bandw
with pressure can be explained analog to consideration
broadening of bandwidth in NaNO3

28 briefly as follows: by
pressure the phonon density of states will be broaden
therefore more transitions in this combination band~vibron
and bath phonon! are accessible, lowering lifetime or broa
ening bandwidth of this specific transition, as expected.

Change in molecule constants by pressure

Since matrix isolated nitrogen molecule can be treated
an anharmonic oscillator we can deduce molec
J. Chem. Phys., Vol. 106,
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constants—such as fundamental frequencyv0 ~or vRaman!,
anharmonicityvexe and Franck–Condon factors—from v
bronic spectra in a straightforward manner. Variation of ca
diameter~N2 on a substitutional site!, of potential parameter
by matrix material~Xe, Kr, and Ar!, and by pressure may
also alter these molecule constants. Comparing those to
data, to pure solid N2 data, and to data of N2 in Xe, Kr, and
Ar at p50, we may reach more insight on how the fre
molecule has to be changed in a compressed bulk mate

Unfortunately, these derived molecule constants fr
our spectra exhibit large errors and uncertainties: e.g.,
find v0 andvexe from differences in band frequencies, va
ues which scatter already appreciably~Fig. 3!. Finally, some-
times we can use all data together~8 samples, 150 spectra! or
sometimes we can choose one set only. The transmis
from diamonds in the DAC changes from one to other e
periment and due to applied pressure; as a consequ
DI;10%.

If we plot the difference in band frequenciesDG from
v850 to v9 transitions as a function of vibrational quantu
numbers for a given pressure, we can derivev0 from inter-
section andvexe from the slope@Fig. 5~a!#; from differences
of hot bandsv850,1,2 tov95const. we also get analog mo
ecule constants for the electronically excited state (A 3Su

1).
Performing this procedure for several pressures, we can
v0(p) andvexe(p).

The pressure dependence of the fundamental mode o2
in the Xe matrix behaves like the one of pure solid N2, as a
general trend@Fig. 5~b!#. The error bars increase substa
tially, because vibron bands broaden and decrease in in
sity raising pressure. For Xe atT577 K andp52.8 GPa the
fundamental mode of the N2 molecule in the electronically
excited state is 143165 cm21 ~;1420 cm21 at p50!,
whereas the gas phase value is reported to be 145360.8
cm21.16 It seems to be that theA state of matrix isolated N2
is more perturbed by the matrix under pressure than
ground stateX 1Sg

1.
In Fig. 5~c! we present the anharmonicityvexe of N2

(X 1Sg
1) in Xe, giving the right size as in the gas phase

matrix isolated case at zero pressure. Because their va
are too uncertain at higher pressure, we cannot decide a
an increase or decrease of molecule anharmonicity with p
sure. From overtone band differences in theA 3Su

1 state
~such asv850 to v954 andv852 to v954! in comparison to
fundamental band differences~such asv850 to v954 and
v851 to v954! we can determine the anharmonicity in th
electronically excited statevexe* ; 102 cm21 which is much
larger thanvexe* 5 14.02 cm21 in the gas phase.16This might
be a further hint that the excited stateA 3Su

1 of matrix iso-
lated N2 is much more perturbed than the ground st
X 1Sg

1 at elevated pressure.
In general, from Franck–Condon factors~intensity dis-

tribution Fig. 1! and from their change with applied pressur
one can estimate how much the two potential curvesA 3Su

1

and X 1Sg
1 are shifted relative to each other in molecu

bondlength, varying matrix material and pressure. In Xe
example the maximum of this vibron progression is sligh
shifted fromv850 to v955 atp52.1 GPa tov850 to v954
No. 4, 22 January 1997
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1342 Semling et al.: Luminescence spectra of matrix isolated N2
FIG. 5. Molecular constants of N2 in Xe as a function of pressure.~a!.
Difference in band frequencies as a function of vibrational quantum numb
~details see text!. ~b!. The fundamental mode of N2, gained by extrapolation
of ~a!, in Xe as a function of pressure. Some literature values for compa
son:m zero pressure values,29 extrapolated to room temperature fromv(T)
studies;1 pure N2 at T5300 K by Raman studies30 and j pure N2 at
T5300 K by Raman studies.31 Above 8 GPa the error in our values in-
creases, because we determined this Raman frequency indirectly from th
luminescence spectra.~c!. Molecule anharmonityvexe as a function of pres-
sure and in addition gas phase value~1!, N2 in Xe ~n! and N2 in Ar ~s! at
p50 by Ref. 16.
J. Chem. Phys., Vol. 106,
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at p59.96 GPa; i.e., the minimum of one potential cur
with respect to the other is shifted to larger bondlength~Dr;
15%!.

Finally, well known selection rules for vibronic trans
tions due to symmetry of vibrational states~v851,2 to v9
gerade or ungerade! are well reproduced by our investiga
tions ~Fig. 1!, spectra at 77 K and spectra by Ref. 16; che
for example the missingv851 to v956 transition. Maybe
applied pressure on matrix material was not large enoug
brake the symmetry in molecule transitions as hoped.

The conclusive observation is that, due to measured m
ecule constants from our spectra, despite the large uncer
ties, we can derive a trend such that the electronically exc
stateA 3Su

1 of N2 in Xe is more perturbed than the groun
stateX 1Sg

1 at elevated pressure~p,20 GPa!; the ground
state of matrix isolated N2 behaves like pure solid pressu
ized N2.

Frequency shifts: application of Drude–MSA– pDV
model of Agnew and Swanson

Pressure induced shifts of electronic bands of an isola
molecule in a host material have been traditionally explain
by two mechanisms: a dielectric effect, i.e., a perturbation
the molecule’s transition dipole due to the density-driv
change in the dielectric properties of the surrounding ma
rial, and a volume effect, i.e., the coupling to the extern
pressure of the volume change between two electronic st
of the molecule.

After recognizing that neither of the two effects ca
completely explain all the available data, Agnew a
Swanson32 have proposed a model which incorporates bo
In their approach, the volume term accounts for short-ra
repulsive effects, while the dielectric term accounts for lon
range dispersive effects. This latter term is modeled after
quantum statistical treatment of Schweizer and Chandler33,34

in the mean spherical approximation~MSA! with molecular
dipoles being represented by Drude oscillators. With an
propriate choice of the few parameters involved, th
‘‘Drude–MSA–pDV’’ model has been able to reproduce
number of experimental observations.32

Although the Agnew–Swanson~A–S! model was origi-
nally developed for absorption bands in liquids, we found
interesting to try to extend its application to the present c
of luminescence bands in crystals. In fact, pressure shift
N2 bands in rare gases appear to consist of both a diele
and a volume contribution. The observed negative~red! shift
with negative slope with respect to pressure, and a nonz
value at zero pressure, is a strong indication of a dielec
effect ~positive shifts are predicted only for the rather u
usual case of an impurity transition at a higher energy th
the matrix typical frequency!. The approximate scaling of th
matrix ~p50! shift with the matrix polarizability~see above!
is also consistent with dielectric models.32 On the other side,
a pDV term is expected to better reproduce the press
dependence of the shift, which is almost perfectly linear.

In the A–S model, the pressure dependence of the e
tronic transition frequencyn of an impurity i in a host ma-

er

i-

ese
No. 4, 22 January 1997

license or copyright; see http://jcp.aip.org/about/rights_and_permissions



1343Semling et al.: Luminescence spectra of matrix isolated N2

Dow
TABLE I. Agnew–Swanson model parameters for N2 in rare-gas matrices~n/cm21, a/Å3, s/Å3, DV/Å3!.

ni
a ai ~Ref. 38!

N2 38 408 1.76

RGM n0 ~Ref. 33! a0 ~Ref. 24! s~p50!b sb DV
Xe 97 835 4.0 4.50 4.4:3.7 22.5
Kr 112 912 2.5 4.18 4.0:3.3 20.5
Ar 127 108 1.6 3.95 3.5:3.1 0

aPresent work, 0/4 transition.
bSee the text for a discussion ofs values.
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terial is given by n(p)5n(p50)1pDV1Dn(n i ,a i ,n0 ,
a0 ,s,r(p)) ~Ref. 32! wherepDV is the volume term,Dn is
the polarization~dielectric! term, and the parameters o
which Dn depends are defined as follows:ni ,n0 are the im-
purity and matrix frequency, respectively,ai ,a0 are the im-
purity and matrix polarizability, ands is the hard shell di-
ameter of both the impurity and the matrix molecules.

The polarization term also depends on the number d
sity r(p) of the matrix. In our implementation of the mode
density values for the observed pressures were der
through a Birch–Murnaghan equation of state,35 which fits
Xe data atT50 andp52.40 GPa. TheT-dependent contri-
bution can be calculated in the Mie–Gru¨neisen and Debye
approximations.35 An equally good fit topV data of Ar~and
also of Xe! in the same pressure range can be obtained u
molar volume~V0! and bulk modulus~B0! values obtained
by piston displacement techniques.36 Values reported in the
same work were used in the case of Kr, for which no pV d
are available above 2 GPa.

Parameters used in our calculation for the 0/4 transit
are reported in Table I. Experimental values were used
ni , ai , anda0. The Drude oscillator frequencyn0 was set
equal to the ionization energy of the matrix material.33 The
value ofs for Xe, Kr, and Ar was initially chosen as to giv
the best fit to thep50 shifts. These values~Table I! are in
good agreement with nearest neighbor distances in the
tice, even though the corresponding reduced densityrs3 is
about 10% above the theoretical value for a close-pac
structure~&!. In the pressure range of our experiments, d
sity increases by more than a factor of 2, and it seems u
alistic to let the reduced density increase of the same fac
Consequently, the value ofs was varied with density such
that rs3 was fixed at thep50 value for each element. Thi
procedure was used in other implementations of the Dru
MSA model.32,35

To check the validity and consistency of parametersa0,
s, andr, we calculated the dielectric constant of the mat
material following the classical treatment for nonpolar flui
in the MSA approximation.37 With our values ofa0 and of
s~r!, curves are obtained fore~r! which are in very good
agreement with dielectric constant measurements on the
rare-gas solids.34,40–42

Finally, the parameterDV was adjusted to fit our spec
troscopic data. A negativeDV was found, decreasing in ab
solute value in the series Xe, Kr, Ar, with a null value for A
~Table I!. Some of the resulting functions are plotted: Fig
J. Chem. Phys., Vol. 106,
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shows as an example for the 0/4 transition the influence
both contributions to the matrix shift; whereas in Fig. 7 th
experimental frequency shift of the N2 transition in Xe~sym-
bols! is compared to the theoretical values due to this mod
~straight lines!.

Although, in principle, it should represent the volum
change between the excited and ground state of the m
ecule, the parameterDV has no simple physical interpreta-
tion. It has been observed that this effect involves the volum
of the complex molecule solvent, rather than that of the mo
ecule alone.32 In fact, if nitrogen alone were to be consid
ered, an increase in volume would be expected~see Fig. 2!.
Furthermore, a differentDV for the three matrix materials
would be difficult to explain. According to the proposed ex
citation and relaxation mechanisms, the excited state is
equilibrium. Thus, in our opinion, our results indicate tha
the equilibrium value of the N2-matrix cage diameter is
smaller for the excited state than for the ground state,
analogy with what has been suggested for benzene
propane.43 This is consistent with a softening of the repulsiv
potential in the excited state, which, according toDV values,
is most effective in Xe, while it is absent in Ar. Actually, the
interaction with the excited N2 state is maximum for Xe, as

FIG. 6. Frequency shift~cm21! of N2 0/4 transition in rare-gas matrices,
calculated with the Agnew–Swanson model as a function of number dens
r @Å23# curves: dashed, Xe; dotted, Kr; dash-dot, Ar. For each matrix, t
lower curve is the total frequency, while the upper curve is the polarizati
effect alone~DV50!. Experimental points:L, Xe;1, Kr; h, Ar; 3, matrix
shift ~p50! for Xe, Kr, Ar in order of increasing density.
No. 4, 22 January 1997
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1344 Semling et al.: Luminescence spectra of matrix isolated N2
is shown also by the magnitude of the change in the vib
tional frequency with respect to the gas phase~see Table I!.

CONCLUSION

Our general aim was to combine the technique of ma
isolation with high pressures; the specific task was to st
N2 molecules isolated in Xe, Kr, and Ar under extreme co
ditions, i.e., pressure at several GPa and low tempera
The diamond anvil cell was loaded with a gas mixture. W
excited luminescence of Vegard–Kaplan bands in N2 mol-
ecules by x rays and analyzed rovibronic transitio
A 3Su

1(v850)→X 1Sg
1(v9) as a function of pressure, tem

perature, and matrix material.
The excitation of the electronically excited N2 is

achieved by x-ray absorption of the bulk material and ene
transfer via bulk excitons. The transition to the ground st
of the impurity molecule embedded in a rare-gas matrix
possible through different relaxation channels, radiative
nonradiative. We consider this excitation model to be corr
because if we apply pressure the UV energy gap in Xe
lowered below the pure electronic transition (A→X) in N2
and the luminescence signal disappeared at a critical p
sure.

We discussed the characteristics of these rovibro
spectra, such as bandwidth, bandshape, Franck–Condo
tensity distributions, term values, in the model of an anh
monic oscillator embedded in a solid with static and dynam
coupling between nitrogen atom and rare-gas atom. Of in
est is the large pressure induced frequency shift of b
maxima to lower energies of N2 molecule luminescence ma
trix isolated in rare-gas solids. Comparing qualitatively th
energy shift by pressure in Xe to Kr to Ar, we found th
trend again confirmed in the different respective matr
shifts @i.e., pure electronic transition of N2 (A→X) in Xe,
Kr, and Ar in comparison to gas phase values#. Comparing
this energy shift to simple solid parameters of matrix ma

FIG. 7. Frequency shift of N2 ~v850, v952,...,7! transition in Xe, calculated
with the Agnew–Swanson model as a function of pressure.
J. Chem. Phys., Vol. 106,
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rial, such as lattice constant or compressibility, could n
describe the expected trend.

A quantitative model to describe the pressure induc
frequency shift of band maxima must contain therefore t
terms: a dielectric term and a volume term. The coincide
between measured values and theory is very satisfying
model parameters necessary for this fit procedure, suc
ionization energy and polarizability of N2 molecule and of
Xe, Kr, and Ar and hard shell diameter~equivalent to impu-
rity cage!, are altogether realistic with respect to literatu
data.

1D. A. Dows, G. C. Pimentel, and E. Whittle, J. Chem. Phys.22, 1943
~1954!.

2Chemistry and Physics of Matrix Isolated Species, edited by L. Andrews
and M. Moskovits~North-Holland, Amsterdam, 1989!.

3A. Jayaraman, Rev. Mod. Phys.55, 65 ~1983!; A. Jayaraman, Rev. Sci
Instrum.57, 1013~1986!.

4D. J. Dunstan and I. L. Spain, J. Phys. E22, 913 ~1989!.
5W. Paul and H. Steinwedel, Z. Naturf.8a, 448 ~1953!.
6W. E. Moerner and L. Kador, Phys. Rev. Lett.62, 2535~1989!.
7H. E. Hallam,Vibration Spectroscopy of Trapped Species~Wiley, New
York, 1973!.

8M. Jean-Louis, Chem. Phys. Lett.51, 254 ~1977!.
9H. J. Jodl and F. Bolduan, J. Chem. Phys.76, 3352~1982!.
10K. Syassen, Phys. Rev. B25, 6548~1982!.
11J. H. Eggert, K. A. Goettel, and I. F. Silvera, Phys. Rev. B40, 5733

~1989!.
12R. Loubeyre, R. LeToullec, and J. P. Pinceaux, Phys. Rev. B45, 12844

~1992!.
13M. Hanfland, R. J. Hemley, H. K. Mao, and G. P. Williams, Phys. Re
Lett. 69, 1129~1992!.

14G. J. Piermarini, S. Block, J. D. Barnett, and R. A. Forman, J. Appl. Ph
46, 2774~1975!.

15G. Herzberg,Spectra of Diatomic Molecules~Van Nostrand Rheinhold,
New York, 1950!.

16D. S. Tinti and G. W. Robinson, J. Chem. Phys.49, 3229~1968!.
17S. L. Pan, G. Zumofen, and K. Dressler, J. Chem. Phys.87, 3482~1987!.
18H. Kühle, J. Bahrdt, R. Fro¨hling, N. Schwentner, and H. Wilcke, Phys
Rev. B31, 4854~1985!.

19H. J. Jodl and R. Bruno, Phys. Status Solidi B67, 191 ~1975!; R. Bruno
and H. J. Jodl, Phys. Status Solidi B67, 539 ~1975!.

20N. Schwentner, E.-E. Koch, and J. Jortner,Electronic Excitations in Con-
densed Rare-Gases, Springer Tracts in Modern Physics Vol. 10
~Springer-Verlag, Berlin, 1985!.

21M. Ross and A. K. McMahan, Phys. Rev. B21, 1658~1980!.
22S. H. Lin, J. Chem. Phys.59, 4458~1973!.
23M. Klein and V. Venables,Rare Gas Solids I and II~Academic, New
York, 1977!.

24H. J. Jodl, G. Theyson, and R. Bruno, Phys. Status Solidi B94, 161
~1979!.

25D. B. Fitchen,Physics of Color Centers, edited by W. B. Fowler~Aca-
demic, New York, 1968!.

26S. Califano, V. Schettino, and N. Neto,Lattice Dynamics of Molecular
Crystals, Lecture Notes in Chemistry, Vol. 26~Springer, Berlin 1981!.

27H. Kiefte, M. J. Clouter, N. N. Rich, and S. F. Ahmad, Can. J. Phys.60,
1204 ~1982!.

28M. Jordan, A. Schuch, R. Righini, G. F. Signorini, and H.-J. Jodl,
Chem. Phys.101, 3436~1994!.

29R. Ouillon, C. Turc, J. Lemaistre, and P. Ranson, J. Chem. Phys.93, 3005
~1990!.

30H. Schneider, W. Ha¨fner, A. Wokaun, and H. Olijnyk, J. Chem. Phys.96,
8046 ~1992!.

31R. Reichlin, D. Schiferl, S. Martin, C. Vanderborgh, and R. L. Mills, Phy
Rev. Lett.55, 1464~1985!.

32S. F. Agnew and B. I. Swanson, J. Phys. Chem.94, 995 ~1990!.
33K. S. Schweizer and D. Chandler, J. Chem. Phys.78, 4118~1983!.
34D. Chandler, K. S. Schweizer, and P. G. Wolynes, Phys. Rev. Lett.49,
1100 ~1983!.
No. 4, 22 January 1997

license or copyright; see http://jcp.aip.org/about/rights_and_permissions



of
D

s.

ev.

1345Semling et al.: Luminescence spectra of matrix isolated N2
35K. Asaumi, Phys. Rev. B29, 7026~1984!.
36M. S. Anderson, C. A. Swenson, J. Phys. Chem. Solids36, 145 ~1975!.
37M. S. Wertheim, Mol. Phys.25, 211 ~1973!.
38H. L. Kramer and D. R. Herschbach, J. Chem. Phys.53, 2792~1970!.
39C. E. Moore, Analysis of Optical Spectra, NSRDS-NBS 34, Office
Standard Reference Data, National Bureau of Standards, Washington
~1970!.
J. Chem. Phys., Vol. 106,

Downloaded 12 Nov 2012 to 150.217.154.21. Redistribution subject to AIP 
.C.

40M. Grimsditch, R. LeToullec, A. Polian, and M. Gauthier, J. Appl. Phy
60, 3479~1986!.

41I. Makarenko, G. Weill, J. P. Itie, and J. M. Besson, Phys. Rev. B26, 7113
~1982!.

42A. Polian, J. M. Besson, M. Grimsditch, and W. A. Grosshand, Phys. R
B 39, 1332~1989!.

43R. Nowak and E. R. Bernstein, J. Chem. Phys.86, 3197~1987!.
No. 4, 22 January 1997

license or copyright; see http://jcp.aip.org/about/rights_and_permissions


