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REVIEW ARTICLE

Frenkel excitons in NaNO2: excitation energy transfer and
exciton coherence

Jürgen K̈ohler† and Dankward Schmid
Heinrich-Heine Universiẗat Düsseldorf, Lehrstuhl f̈ur Festk̈orperspektroskopie (IPkM),
Universiẗatsstrasse 1, 40225 Düsseldorf, Germany

Received 4 September 1995

Abstract. A review is presented about sensitized luminescence and luminescence lineshape
studies on pure and doped sodium nitrite which have led to detailed knowledge about the lowest
excited states of this system. Both the lowest triplet state and the first excited singlet state are
Frenkel excitons, states that can migrate through the crystal. This migration is appropriately
described by a one-dimensional energy transfer process for the triplet and, surprisingly, also
for the singlet state. The exciton states themselves show an evolution in time that reveal the
transition from coherent to incoherent behaviour with increasing temperature. In combination
with theoretical investigations a consistent picture of the exciton states in sodium nitrite is
achieved.
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1. Introduction

The exciton model as developed by Frenkel [1] and Davydov [2] plays an important role in
understanding processes concerning the transfer of excitation energy in biological systems.
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116 J Köhler and D Schmid

Because these systems are very complex, model systems are investigated for which it
is hoped that the energy transfer processes are closely related to those in biology. The
most intensively investigated model systems are organic molecular crystals [3–9]. In these
systems the intramolecular interactions are much stronger than the intermolecular forces.
This leads to a description of the crystals based on the molecular properties where the
interaction between the molecules is taken into account as a small perturbation. The periodic
crystal structure causes delocalized excited states—excitons—which give rise to excitation
energy transfer from lattice site to lattice site. The exciton states are linear combinations of
localized excited states. To study the energy transfer by excitons pure crystals are doped
with a small amount of impurities which have excited states lower in energy than the host
crystal. Excitons migrating through the crystal can be trapped at the impurities and studying
the trap luminescence yields insights into the exciton dynamics. However, in this case it
is almost impossible to distinguish between the motional properties of the excitons and the
capture process at the trap site.

During the last few years a detailed picture of the lowest excited states of sodium nitrite
(NaNO2) has been obtained. It turns out that NaNO2 is a suitable system to investigate
the excitation energy transfer via excitons and that insights into the description of exciton
motion are obtainable. When Frenkel studied the excitations of crystals theoretically he
called the states which now are commonly called Frenkel excitons ‘excitation waves’, which
refers to their wavelike character. However this description only holds for ideal crystals at
absolute zero temperature. Interactions with lattice imperfections or vibrations will cause
the formation of exciton wave-packets moving through the crystal in a diffusive way. By
studying the spectral lineshapes of the luminescence transitions in NaNO2 it was possible
to observe the change from wavelike (coherent) to diffusive (incoherent) exciton motion.

After a brief description of the exciton model the first part of this contribution will
cover the energy transfer experiments while the coherence properties of the excitons are the
subject of the second part.

2. Frenkel excitons

The exciton model was developed by Frenkel [1] and Davydov [2]. It describes the transfer
of excitation energy in crystals from lattice site to lattice site without transport of charge or
mass. A detailed description of the model can be found in [2] and [10]. If a photon with
energyνi and momentum ¯hkphoton is absorbed by the crystal an exciton of the same energy
and quasimomentum is created. The exciton describes a collective excitation of the whole
crystal and its wave-function is given by a Bloch state:

|k〉 = 1√
N

∑
n

eikrn |rn〉 (1)

where |rn〉 denotes the state of a single excited molecule at lattice sitern and all other
(N − 1) molecules in the ground state;k is the exciton wave-vector and the sum runs over
all lattice sites. The energy of the exciton forms a quasicontinuous band structure which is
given by

ε(k) =
∑
n6=m

βnmeik(rn−rm) (2)

whereβnm is the interaction matrix element of molecules at lattice siten andm. In a perfect
crystal at zero temperature the exciton will not change its initial momentum until it decays
to the ground state. Everything that disturbs this ideal situation leads to a scattering among
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the k states of the exciton band and finally thermalizes the exciton band. In real crystal
systems the states associated with the exciton are represented by wave-packets of Bloch
states:

|9exciton〉 =
∫

g(k − k0)|k〉 dk (3)

whereg(k−k0) is a weighting function. If the temperature is sufficiently low, which means
that the interaction of excitons and phonons is still weak, the wave-function of the exciton,
|9exciton〉, is centred around a mean valuek0 with a width1k which is small compared to the
dimensions of the Brillouin zone. This means that the average time between two scattering
events is long compared toh/βnm. In this case the exciton is called coherent, and the
energy transfer through the crystal is wavelike. This implies that the distribution ofk states
of the wave-packet does not change significantly during the propagation of the excitation
through the crystal. Raising the temperature and equivalently increasing the exciton–phonon
interaction will lead to a growing scattering rate among the excitonk states resulting in
a change of the average valuek0 and the width1k of the wave-packet. According to
the uncertainty relation1x1k ≥ 2π the width of the wave-packet1k is related to the
region of localization1x of the excitation which decreases with increasing width of the
wave-packet. When1x approaches the order of the lattice constant the excitation becomes
localized and its motion through the crystal can be visualized as a random walk from lattice
site to lattice site. This is referred to in the literature as an incoherent exciton. Whether the
energy transfer in a specific system is coherent or incoherent depends on the competition
between the excitation transfer and the scattering processes.

It is interesting to obtain experimental information about the strength of the interaction
matrix elementβnm, which determines the efficiency of the energy transfer process and
whether the transfer of excitation energy is anisotropic. Another interesting point concerns
the description of the excitations themselves: do they behave as (partly) coherent excitons
or as randomly hopping wave-packets?

3. The system NaNO2

3.1. The crystal structure

NaNO2 is an intermediate between van der Waals crystals and pure ionic systems. At room
temperature it has a body centred orthorhombic lattice structure with two formula units of
four atoms per conventional unit cell [11]. The unit cell is sketched in figure 1(a), where
each sphere represents an NaNO2 molecule as shown in figure 1(b). The lattice parameters
are a = 356.78 pm, b = 575.84 pm andc = 539.19 pm [13]. The NO−2 molecular ions
are stacked along the shorta axis while adjacent stacks are separated from each other by
the Na+ ions. The NO−

2 molecules have a permanent dipole moment of 0.21 debye [14]
(0.70×10−30 C m) and are aligned along theb axis, causing the ferroelectricity of the crystal.
At Tc = 436.6 K a phase transition into an antiferroelectric phase occurs. This exists only
in a very small temperature interval, and for temperatures aboveTN = 437.5 K, NaNO2

becomes paraelectric [13]. With its four atoms per primitive unit cell, NaNO2 has 12 phonon
branches. The three modes highest in energy are assigned to the intramolecular vibrations of
the NO−

2 ion [15, 16]. They will be discussed in more detail in later sections of this article.
The lower-energy intermolecular modes have been investigated by various experimental
techniques such as Raman and infrared spectroscopy [16–26], reflection spectroscopy [27–
30] and inelastic neutron scattering [31, 32]. Additional information about the phonons,
especially the density of states of the acoustic modes, was obtained by studying the specific
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heat [33]. The conclusion was that for temperatures between 300 mK and 20 K NaNO2

behaves like a Debye solid(cp ∼ T 3) with a Debye temperature ofθD = (345± 10) K. A
definite model for the phase transition has not been established yet. However, agreement
exists that it is not caused by a soft mode.

Figure 1. (a) The conventional unit cell of an NaNO2 crystal. Each sphere represents an NaNO2

molecule as shown in (b). (b) The dimensions of the NaNO2 molecule [12]. The molecularx,
y andz axes are parallel to the crystala, b andc axes, respectively.

3.2. The photoexcited states

The lowest unoccupied electronic states of NaNO2 are the3B1 triplet state and the1B1

single state of the NO−2 molecule [34]. The absorption of the crystal in the near UV is
caused by the1B1 ↼↽ 1A1 transition [15]. Exciting NaNO2 into higher vibrational states
of the 1B1 state is followed by a fast vibronic relaxation on a time scale of picoseconds
[35, 36]. The molecule can decay back to the ground state or cross over to the3B1 triplet
level by a radiationless intersystem crossing (ISC) process. The ISC becomes possible due
to perturbations such as spin–orbit coupling, which mixes some singlet character into the
triplet state and vice versa [37, 38]. The decay of the singlet state1B1 → 1A1 yields a
fluorescence in the blue spectral region, while the radiative decay of the3B1 triplet state
causes a weak phosphorescence in the green spectral regime. The ratio of the fluorescence
to the phosphorescence intensity is about 100:1 but depends on the excitation energy owing
to the competition between the vibronic relaxation and the ISC [39]. Both states have been
studied in great detail and will be described briefly in the following.

3.2.1. The triplet state. The 3B1 triplet state of NaNO2 can decay radiatively to the1A1

ground state resulting in a weak phosphorescence, which was observed for the first time
by Maria et al [40]. A detailed analysis of the spectrum was given by Hochstrasser and
Marchetti [41]. Like the absorption spectrum, the phosphorescence shows a vibrational
structure which results from the coupling of the electronic transition of the NO−

2 to the
vibrational modes of the1A1 electronic ground state. The energy of the pure electronic
transition has been determined asν

triplet

00 = 18 959 cm−1 [41]. The generating frequencies
of the progressions are the same as observed in fluorescence and will be discussed in the next
section. From the3B1 ↼↽ 1A1 absorption spectrum the NO−2 vibrational frequencies in the
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triplet state have been determined asν1 = 1124 cm−1 (symmetric stretch),ν2 = 644 cm−1

(symmetric bending) andν3 = 1170 cm−1 (asymmetric stretch) [42] in close agreement to
the values reported in [43]. The origin of the spectrum coincides with the 18 959 cm−1

observed in phosphorescence. Due to its total electronic spin ofS = 1, the triplet state can
be investigated by magnetic resonance methods. It is a well known feature that molecular
systems show in zero external magnetic field a so-called zero-field splitting. The dipole–
dipole interaction of the two unpaired electrons lifts the degeneracy of the three triplet
sublevels, tx , ty and tz. This interaction is diagonal for axes fixed to the molecular
as shown in figure 1(b). The theory and methods to observe and interpret magnetic
resonance transitions is well known [44, 45]. Here only a summary of the results will
be presented. For NaNO2, Dietrich et al [42, 46–48] determined the zero-field parameters
to beD = (0.4480± 0.0007) cm−1 andE = −(0.047 79± 0.000 02) cm−1. As mentioned
already the triplet state is populated by the radiation-less ISC process which is possible
due to small perturbations. These perturbations, like spin–orbit coupling, are very selective
with respect to the triplet sublevels leading to significant differences in the populations of
the three substates. For NaNO2 the tx level is populated preferentially. For the decay of
the sublevels to the ground state, again two electronic states of different multiplicity are
coupled, resulting in different lifetimes for the three sublevels. Dietrichet al obtained for
the respective lifetimesτx = 0.41 ms,τy = 0.46 ms andτz = 0.1 ms and showed that only
the ty level has a radiative decay path. Thus the observed phosphorescence results from
the decay of thety level. It is populated via thetx level by spin–lattice relaxation which
in this particular case is a rather slow process (≈ 1 ms). Therefore no thermal equilibrium
between the sublevels is established during the triplet lifetime. Thetz level, which has the
shortest lifetime, decays to the ground state nonradiatively.

3.2.2. The singlet state.The 1B1 ↼↽ 1A1 absorption spectrum shows a vibrational structure
and the energy of the pure electronic transition isν

singlet

00 = 25 975 cm−1. Two progressions
can be observed with generating frequencies of 620 cm−1 and 1020 cm−1 [26]. They were
assigned to the intramolecular bending mode and the intramolecular symmetric stretching
mode of the nitrite molecule in the first singlet state. The fluorescence caused by the decay
of the 1B1 state to the ground state was observed as early as 1934 by Rodloff [49] and
attracted much attention later on. The fluorescence spectrum, shown in figure 2, shows
progressions due to the coupling of the1B1 → 1A1 electronic transition of the nitrite to
the intramolecular vibrational modes of the electronic ground state. The positions of the
fluorescence lines observed are given approximately by

νnm = ν00 − nν1 − mν2 (4)

where ν00 = 25 975 cm−1 [50] denotes the energy of the pure electronic transition,
ν1 = 1325 cm−1 [42] is the energy of the symmetric stretching vibration of the NO−

2
and ν2 = 830 cm−1 [51] is the energy of the corresponding symmetric bending vibration.
The lifetime of this state has been determined to be 8 ns [52]. The broad appearance of
this spectrum is well understood on the basis of an oriented gas model.

4. Excitation energy transfer: doped NaNO2 crystals

4.1. Theoretical concept

If a crystal is doped with a small amount of a suitable dopant this may lead to perturbed
centres in the crystal having excited state energies below the exciton band. As a consequence
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Figure 2. The fluorescence spectrum of NaNO2 at 4.2 K. The crystal was excited in the UV
with a broad-band mercury arc light source.

the exciton can be trapped at such a lattice site. Due to the population of the traps
by energy transfer, their respective transitions show up in the spectrum as much more
intense than expected from the concentration ratio. This phenomenon is known as sensitized
luminescence [3]. Investigating this allows information on the transfer of excitation energy
to be obtained. For the interpretation of the energy transfer data, a generalized master
equation (GME) approach has been shown to be a useful concept. Kenkre and coworkers,
who developed this formalism [53–61], obtained expressions for the rates involved in the
energy transfer process independent of the degree of exciton coherence. For the so-called
energy transfer rate,kHG, from the host to the guest system the expression

1/kHG = 1/M + 1/C − ρτ 0
H (5)

was found whereM denotes the motion rate of the exciton,C the capture rate at the trap,
ρ the trap concentration andτ 0

H the lifetime of the excited state for the pure host system.
From expression (5) it follows thatkHG does not exclusively carry information about the
exciton motion. The transfer rate is determined mainly by the exciton motion and the
capture process at the trap site whereasρτ 0

H usually is small. The slower process forms
the bottleneck for the total transfer of excitation energy to the trap. The energy transfer
can be described by a phenomenological rate equation system [3, 5, 53] which leads to an
expression for the energy transfer rate which is directly related to experimental observables.
For steady state conditions one obtains forkHG

kHG = (1/ρτ 0
H )8G/8H (6)

where8G/8H is the guest to host quantum yield ratio. For the initial condition of pulsed
excitation an expression

kHG = (1/ρ)(1/τH − 1/τ 0
H ) (7)

is found whereτ 0
H is the excited state lifetime of the pure host system whereasτH is the

excited state lifetime of the host in the presence of the dopant. In this way two experimental
approaches are available to determinekHG.
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Another interesting parameter described by the GME theory is the exciton–exciton
annihilation rateγ , which takes account of the fact that at high excitation density the excitons
can interact with each other. In a simplified picture one can imagine that two excitons will
meet each other and create a higher excited state. Thus two excitons disappear. They are
annihilated, which is described by

1/γ = 1/M + 1/D (8)

whereM again is the motion rate andD is the destruction rate.
As can be seen from equations (5) and (8) the energy transfer ratekHG as well as the

annihilation rateγ carry information about the exciton motion represented by the rateM.
M is the parameter which describes the energy transfer process within the manifold of host
molecules. In the GME approach the rateM depends on whether the exciton can move in
one, two or three dimensions [55].

M =
√

(1 + 4Fτ 0
H )/τ 0

H ≈
√

(4F/τ 0
H ) one dimension (9)

M = (4πF)/ ln(32Fτ 0
H ) two dimensions (10)

M = 3.96F

(
1 + 0.32/

√
(Fτ 0

H ))

)
≈ 4F three dimensions (11)

The approximations are valid forFτ 0
H � 1 whereF denotes the so-called hopping rate.

The name results from the visualization of an exciton randomly hopping from lattice site
to lattice site. Because (9)–(11) are independent of the degree of exciton coherence,F−1

should be interpreted as the time that a wave-packet, formed by the exciton Bloch states,
needs to move by one lattice site.

4.2. Triplet excitons

For NaNO2 crystals doped with KNO2 the phosphorescence spectrum shows additional
narrow lines due to perturbed NO−

2 molecules close to the potassium ion. These perturbed
NO−

2 molecules act as traps for the excitons and form the ‘guest’ molecules in the doped
crystal system. The situation is reminiscent of the so-called X traps in organic molecular
crystals [3, 62, 63], which are molecules of the host crystal whose excitation energy is
lowered due to the perturbation by the presence of a guest molecule. Talking about traps
or guests in the context of this article therefore means X traps. Dietrichet al observed
the magnetic resonance spectra of these molecules in comparison with the unperturbed
ones. For a localized state one would expect a hyperfine interaction of the electronic
triplet spin with the14N nuclear spin(I = 1). Indeed this has been observed for the trap
states but not for those of the unperturbed molecules [46, 48]. The explanation for this
phenomenon is given by a motional narrowing process due to the nonlocalized character
of the host triplet state. The hyperfine interaction is averaged out due to the mobility of
the excited state. Further information was obtained from optical experiments by Schmidt
et al [64, 65], who studied the so-called delayed fluorescence on pure crystals. When the
excitation density is sufficiently high (annihilation regime), two triplet excitons can create a
higher excited state. This state will most probably relax to the1B1 singlet state and decay
radiatively to the ground state. In this way fluorescent light in the blue spectral region
can be obtained. Because the triplet–triplet annihilation lasts for a long time compared to
the singlet lifetime, it is delayed with respect to the ordinary, directly excited fluorescence.
Schmidtet al showed a quadratic dependence of the delayed fluorescence intensity on the
excitation power which proved the mutual annihilation of two excited triplet states. They
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also studied the temperature dependence of the intensity of the delayed fluorescence and
observed an increase up to about 30 K followed by a sudden drop at higher temperatures
(see figure 3(a)). Figure 3(b) shows the temperature dependence of the energy transfer
rate kHG as obtained from equation (6) from sensitized phosphorescence experiments on
NaNO2 crystals doped with KNO2 [51]. The two temperature dependences show remarkable
similarities. From equations (5) and (8) Lisseet al [51] concluded therefore that both
processes, the annihilation as well as the host to guest energy transfer, are dominated by
the exciton motion. AssumingkHG ≈ M and usingF = 109 s−1 as determined by Dietrich
et al, one can compare the value forkHG obtained experimentally with the predictions of
the GME theory. Using equations (9)–(11), one obtainsM = 6× 106 s−1 (one dimension),
M = 8×108 s−1 (two dimensions) andM = 4×109 s−1 (three dimensions). Lisseet al [51]
obtained experimentallykHG ≈ M ≈ 5× 106 s−1 for a crystal temperature of 4.2 K. Based
on the agreement of the experimental value ofM and that calculated for a one-dimensional
motion it was concluded that for triplet excitons the motion takes place in a one-dimensional
fashion [51, 52]. This conclusion seems to be reasonable since in NaNO2 the NO−

2 ions
are stacked along the short crystallographica axis, and since for triplet excitons only the
short-range exchange interaction is relevant. However, the number of traps produced in
the crystal for a given K+ concentration as well as the ratio of the dopant concentration in
the melt to that in the solid is not known. Presumably the ratio of both is of the order of
one, but it should be kept in mind that the conclusion mentioned above is based on rough
estimates.

4.3. Singlet excitons

The much stronger fluorescence of NaNO2 caused by the radiative decay of the1B1 singlet
exciton has been studied intensively by several authors. In this section only experiments
concerning the excitation energy transfer in the singlet state will be described. For NaNO2

doped with KNO2 a sensitized fluorescence study has been performed in great detail
[51, 52, 64, 65, 67]. The perturbed NO−

2 ions close to the K+ ion form a trap system of at
least three pairs of deep and shallow traps interacting with each other. To obtain the singlet
energy transfer rate Pufahlet al [52] followed two independent experimental strategies.
Using equations (6) and (7),kHG was determined by pulsed excitation and by steady state
experiments. For the calculation ofkHG from the experimental data Pufahlet al determined
the actual dopant concentration in the crystal by comparison of fluorescence quantum
yields with standard samples. It must be emphasized that in this way the concentration
of the K+ ions was determined rather than the actual concentration of the perturbed NO−

2
molecules. Schmidtet al [67] showed that about five traps per K+ ion were formed, which
multiplies the number of K+ ions by this factor to obtain the ‘real’ trap concentration in
the crystal. Figure 4 shows the energy transfer ratekHG obtained experimentally. The solid
line gives the result from pulsed excitation experiments analysed using equation (7) while
the broken line gives the result from the steady state experiments according to equation (6).
In both cases the K+ concentration has been used forρ. The agreement between the
two independent experimental results carried out on different set-ups and using different
samples is satisfactory. To obtain a realistic value for the transfer rate normalized to the
trap concentration the experimental value has to be divided by a factor of five. For a crystal
temperature of 4.2 KkHG has been reported to be 1.0 × 1010 s−1 [52].

Pufahl et al also determined the annihilation rateγ for the singlet state. Therefore
the decay rates of the singlet state for high excitation density were measured and the
respective phenomenological second-order rate equation system was solved numerically
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Figure 3. (a) The temperature dependence of the relative intensity of the delayed fluorescence
[65]. (b) The temperature dependence of the triplet energy transfer rate according to (6) [51].
For better comparison both graphs are normalized.

Figure 4. The temperature dependence of the singlet energy transfer rate according to (7)—full
line—and (6)—broken line. For the concentration,ρ, the amount of K+ has been used [52].

[52]. The annihilation rate obtained in this way shows qualitatively the same temperature
dependence as the host–guest energy transfer rate. It was concluded that also in the singlet
state the energy transfer is motion limited and as before the approximationkHG ≈ M was
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used. Using (9)–(11) this yields for the hopping ratesF = 2 × 1011 s−1 (one dimension),
F = 3.9×106 s−1 (two dimensions) andF = 2.5×109 s−1 (three dimensions), respectively.
As will be shown in section 5 the singlet excitons in NaNO2 behave coherently at low
temperatures [68–70]. For this case the hopping rate is directly related to the width of
the exciton band. Expressing the bandwidth in units of(E/hc) one obtains for the one-
dimensional case1νex ≈ 6.6 cm−1 in good agreement with the value of 5 cm−1 obtained
from a lineshape analysis. Analogous model calculations for two or three dimensions yielded
results orders of magnitude too small to be consistent with the lineshapes observed.

At first glance one might be surprised about the one-dimensional character of singlet
excitons because in the singlet manifold the strong, long-range Coulomb interaction also
contributes to the transfer matrix element, but it should be realized that the1B1 ↼↽ 1A1

transition in NaNO2 is weak for an allowed transition. The transition dipole moment is
relatively small (oscillator strength,f ≈ 2.5 × 10−5 [71]), causing the singlet exciton
bandwidth of only 5 cm−1, which is a value more typical for triplet excitons. Given the
orbital structure of the1B1 state, which is proposed to be composed of p-type atomic orbitals
on the nitrogen and oxygen atoms with a nodal plane perpendicular to thea axis [72], and
keeping in mind the anisotropic crystal structure this is a reasonable result.

5. The singlet exciton

5.1. The exciton bandstructure

Exciting NaNO2 in the UV spectral region with a broad-band light source yields the
fluorescence spectrum as presented in figure 2. The narrow lines of this spectrum result
from the coupling of the1B1 → 1A1 transition to the intramolecular vibrations of the
electronic ground state. These intramolecular vibrations are delocalized crystal phonons
and are usually referred to as vibrons or vibrational excitons. The observed transitions in
the spectrum will be termed ‘(0–nνx) transitions’, whereνx gives the respective vibrational
mode andn the number of vibrational quanta involved. Recording these transitions with
enhanced spectral resolution resolves asymmetric lineshapes as first observed by Schmidt
[64]. All members of the progression show lineshapes which are very similar in their gross
appearance leaving some details slightly different [51]. The shape of these lines is illustrated
in figure 5(a) for the example of the(0–1ν2) transition [73].

To explain the lineshape Lisse proposed that the exciton and the vibron dispersion had
to be taken into account [51]. The excitation in the UV creates highly excited electronic
states. After a fast relaxation the system will be prepared in the1B1 exciton state. Due
to the numerous scattering events which cause the relaxation all excitonk states will be
populated. The subsequent radiative decay of the exciton has to obey thek conservation
rule.

kexciton + kphoton = kvibron. (12)

Here and in the following thek vector of the photons can be neglected; therefore, the
lineshape was ascribed to the dispersion of the exciton and that of the vibron. It was
shown that, consistent with this interpretation, spectral lines caused by localized states,
which do not show dispersion, are symmetrical in shape [73]. This was first observed for
transitions originating from NO−2 ions perturbed by close K+ impurities, which showed
Lorentzian shaped lines [51, 74], and it will be illustrated in the following on the example
of isotopically substituted molecules. The natural abundance of the rare isotopes15N, 17O
and 18O is 0.37%, 0.037% and 0.204%, respectively. They cause three additional weak
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Figure 5. The spectral region of the(0–1ν2) fluorescence transition for two NaNO2 crystals
of different isotopical constitution. Both spectra were recorded at 4.2 K [73]. (a) Natural
abundance. The lines markedα, β andγ are caused by NO−2 molecules containing the isotopes
of 18O, 15N and 17O, respectively. To record these lines the sensitivity of the detection system
was increased by a factor of 50 with respect to the main fluorescence transition. (b) NaNO2

enriched to 99% with15N. The spectrum shows the same spectral region as part (a).

progressions in the spectrum which can be distinguished from the ‘master line’ because the
pure electronic transition frequency and the generating mode frequency are slightly different
[75, 76]. In figure 5(a) the lines denotedα, β andγ , which were recorded with increased
sensitivity, originate from14N 18O 16O− (α), 15N 16O−

2 (β) and 14N 17O 16O− (γ ) ions in
natural abundance. Members of theα andβ progressions showed Lorentzian shaped lines
with a width of 0.5 cm−1 (FWHM) [74]. The translational invariance, which caused the
formation of exciton Bloch states, is not given for these molecules. They do not participate
in the bandstructures and consequently do not ‘feel’ dispersion. Their lineshapes prove that
the shape of the ‘master line’ is not an intrinsic property of the NO−

2 ion but a collective
effect. Stimulated by this observation a crystal with nearly reversed abundancies of14N
and 15N was studied. In figure 5(b) the same spectral region as in part (a) of the figure
is shown for a crystal enriched with15N to a degree of 99% [70, 73]. Obviously for this
case the15NO−

2 transitions show the characteristic asymmetry while the14NO−
2 ions show

up with a symmetric lineshape in the fluorescence spectra.
By comparing the linewidth of transitions that involve either the triplet or the singlet

exciton and theν1 or ν2 vibron, boundaries for the width of the singlet exciton andν2

vibron bandstructures were obtained [68]. For the(0–1ν2) triplet transition(3B1 → 1A1),
which involves the triplet exciton in the initial state and theν2 vibron in the final state,
an asymmetric lineshape was observed with a width of about 3 cm−1. From the oscillator
strength of the triplet state (10−10–10−12) [46] the bandwidth of the triplet exciton was
estimated to be less than 0.1 cm−1, which is due to the small exchange interaction in the
triplet state. Therefore the observed linewidth of 3 cm−1 was ascribed completely to the
ν2 vibron band. The width of the(0–1ν2) singlet transition (figure 5(a)), however, was
assumed to be influenced by both bandstructures involved because in the singlet state the
stronger Coulomb interaction is relevant, too. This leads to an estimate for the singlet
exciton bandwidth of 5 cm−1.

More quantitative information about the vibron band was obtained by calculating the
dispersion relation of the vibrational modes [77]. Lattice dynamics studies of NaNO2 have
been performed previously [31, 78–80]. Lynden-Bellet al [80] used a site–site potential and
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studied NaNO2 by classical molecular dynamics. Castellucci and Schettino [79] showed
that the rigid-ion model was inadequate to reproduce the experimental frequencies and
LO–TO splittings. They included the atomic polarizability by means of the shell model.
Unfortunately none of the previous publications calculated the density of states of the
vibrons to allow to calculate lineshapes for optical transitions. Janssenet al [77] modified
the assumed charge distribution in such a way as to reproduce the experimentally observed
LO–TO splittings of the vibron modes and took the atomic polarizabilities into account by
means of the shell model as suggested by Castellucci and Schettino. For the calculations the
experimental polarizabilities obtained from measurements of the refractive index were used
[81]. To compare the calculated dispersion relation of theν2 vibron mode with experimental
data the lineshape of the(0–1ν2) fluorescence transition was calculated in the following way.
They assumed a one-dimensional exciton bandstructure along the crystala axis, which yields
in nearest-neighbour approximation the well known cosine-type dispersion for the exciton
energy. For the exciton bandwidth the value of 5 cm−1 was used. Because the exciton state
is composed of1B1 molecular excited states which have a nodal plane perpendicular to the
a axis, it was assumed that the exciton state atk = 0 is highest in energy. Calculating
the density of states for theν2 vibron and the exciton band finally yielded the lineshape
for the transition between these two bandstructures, which is compared in figure 6 with
the experimental lineshape [77, 82]. The displayed experimental spectrum corresponds to a
crystal temperature of 15 K because it is known that below this temperature the excitons
are not distributed uniformly over the Brillouin zone [70] (see the next section). It must be
emphasized that there was no free parameter for adjusting the calculation of the lineshape,
which shows a good agreement with the observed spectrum.

Figure 6. A comparison of the calculated lineshape of the(0–1ν2) fluorescence transition (lower
part) with the experimental one for a crystal temperature of 15 K (upper part) [82].

This result confirms that the observed fluorescence lineshapes are caused by the
dispersion of the exciton and the vibron and that the exciton bandstructure is reasonably
well approximated as one dimensional, consistent with the conclusions concerning the energy
transfer.
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Figure 7. (a) The absorption spectrum of NaNO2 close to the exciton resonanceν00. The
position of the excitation energies of part (b) of the figure are indicated by the arrows [50]. (b)
The lineshape of the(0–1ν2) fluorescence transition at 4.2 K for different excitation energies as
indicated in (a). The incident laser frequency,νi , is given by the excess energy1ν above the
exciton resonanceν00 at 25 975 cm−1 [68].

5.2. The degree of exciton coherence

5.2.1. Steady state excitation.The degree of exciton coherence has been studied by Köhler
et al [68–70] using fluorescence excitation spectroscopy and fluorescence spectroscopy with
selective narrow-band excitation. Exciting the crystal near the exciton resonance energy with
a laser creates excitons in distinctk states. It was investigated whether the excitons will
conserve the initialk vector during their lifetime or will be scattered all over the exciton
band. A significant dependence of the fluorescence lineshape of the(0–2ν2) transition at
T = 2 K on the exciting laser frequency was first observed by Sakaiet al [83]. Köhler
et al showed that the various lineshapes themselves depend on temperature. In figure 7(a)
the absorption spectrum of NaNO2 close to the exciton resonance is shown. The pure
electronic transition, atν00, is accompanied by a broad structured phonon sideband which
corresponds to an absorption process where an exciton and a crystal phonon are created
simultaneously [50, 84]. In figure 7(b) the lineshape of the(0–1ν2) transition for different
excitation energies within the phonon sideband is shown. The incident photon energy of
the laser,νi , is given in terms of the excess energy1ν, which is the amount of energy
by which the laser exceeds the exciton resonance. The simultaneous creation of a crystal
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phonon and an exciton has to obey momentum and energy conservation:

0 ≈ kex + kph (13)

νi = νex(kex) + νph(kph). (14)

The momentum of the photon has been neglected. The indices ex, ph and later on vib refer
to exciton, phonon and vibron, respectively;νi is the incident photon energy. In this way an
exciton with a certaink vector inside the Brillouin zone will be excited. However, because
the phonon dispersion relationνph(kph) is not necessarily a unique function ofkph, in fact
many different phonon branches are overlapping, the excitons will be created in more than
exactly onek state. Nevertheless the important point is that excitons were created in a
finite number of distinctk states. The probability of this process depends on the density
of states of the phonons and excitons at the respectivek vectors determined by the energy
conservation (14):

pe ∼ gph(kph)gex(kex). (15)

pe denotes the probability of the excitation process andg refers to the respective density
of states at a particulark state. In principle the excitons created in this way atkex can
change their momentum tok′

ex by scattering events. Eventually this should lead to a thermal
distribution for the population of thek states. Let the exciton scattering be described by
the (unknown) functionS. This functionS describes that an exciton which is created in a
statekex will be scattered into a statek′

ex . S will depend on many parameters, for instance
the crystal temperature, but a boundary condition which is known definitely is that in the
limit of a very fast scattering time,τkk′ , S has to lead to an exciton population in thermal
equilibrium. The interesting question is whether the exciton lifetime is sufficiently long (or
the scattering sufficiently fast) that a thermal equilibrium can be established. The function
S will be written here asS(kex, k

′
ex) to indicate that it gives the redistribution of excitonk

states. The lifetime of the singlet exciton is 8 ns. To keep things general it is assumed that
the exciton will decay to the ground state from the statek′

ex . Whetherk′
ex is identical to

the statekex populated initially depends onS(kex, k
′
ex). Obeying energy and momentum

conservation for the decay process into an (electronic ground state) vibron yields

k′
ex = kvib (16)

νd = νex(k
′
ex) − νvib(kvib) (17)

whereνd represents the energy of the photon emitted during this process (d for detection).
The probability for this process is proportional to the vibron density of states and the
respective exciton density of states:

pd ∼ gvib(kvib)gex(k
′
ex). (18)

The experimental interest lies in the conditional probability of creating an exciton atkex

and of detecting a decay atk′
ex . The signal as a function ofνi , νd , kex , k′

ex , kph andkvib

is given by

m0 ∼ gph(kph)gex(kex)S(kex ′k′
ex)gvib(kvib)gex(k

′
ex)δ(νi − [νex(kex) + νph(kph)])

×δ(νex(k
′
ex) − [νd + νvib(kvib)])δ(kex + kph)δ(k

′
ex − kvib) (19)

where theδ functions ensure energy and momentum conservation. The spectra shown
in figure 7(b) correspond to an integration ofm0 with respect tokph and kvib over the
whole Brillouin zone for a fixed excitation energyνi . This is depicted in figure 8. Part (a)
of the figure shows the excitation process. Distinctk states of the exciton bands will be
populated owing to the overlap of several phonon branches. This is taken into account by
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Figure 8. Excitation (a) and emission (b) processes schematically. The exciton and the vibron
bandstructure in the first Brillouin zone are shown. Above the exciton resonance energy,ν00,
the phonon density of states is sketched (not to scale). The excitation with a photon of energy
νi may result in the population of two (or more) distinctk states in the exciton band due to
the overlap of different phonon branches at the respective excitation energy (a). Emission from
differentk stateskvib1 andkvib2 may result in the same detection energyνd (b). A fluorescence
spectrum as function ofνd corresponds to an integration with respect tokvib over the entire
Brillouin zone.

the integration with respect tokph. The detection is shown in part (b) of the figure. The
detected energy corresponds to the difference in energy of the two bandstructures involved.
Recording a spectrum as function ofνd therefore means integrating with respect tokvib. As
indicated, it can happen that for two differentk stateskvib1 andkvib2 the detected energies
are identical. The experimental signal shown in figure 7(b) therefore corresponds to

M(νd, νi = constant) ∼
∫ π

a

0
dkph

∫ π
a

0
dkvib gph(kph)gex(kex)S(kex ′k′

ex)gvib(kvib)gex(k
′
ex)

×δ(νi − [νex(kex) + νph(kph)])δ(νex(k
′
ex) − [νd + νvib(kvib)])

×δ(kex + kph)δ(k
′
ex − kvib). (20)

Theδ functionsδ(kex +kph) andδ(k′
ex −kvib) ensure that only states which fulfilk′

ex = kvib

andkex = −kph contribute to the signal. Therefore (20) can be written as

M(νd, νi = constant)∼
∫ π

a

0
dkvib

∫ π
a

0
dkphgph(kph)gex(−kph)S(−kph′kvib)gex(kvib)gvib(kvib)

×δ(νi − [νex(−kph) + νph(kph)])δ(νex(kvib) − [νd + νvib(kvib)]) (21)

without changing the result. To interpret the spectra presented in figure 7(b) it was assumed
that at low temperatures an exciton which is created in a particulark state will not change
its quasimomentum during the entire lifetime [69]. AssumingS(kex, k

′
ex) ∼ δ(kex − k′

ex)
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and substitutingkex = −kph andk′
ex = kvib leads toS(kex, k

′
ex) ∼ δ(−kph − kvib), which

gives a contribution toM(νd, νi = constant) only if −kph = kvib = k. Rewriting (21)
yields

M(νd, νi = constant) ∼
∫ π

a

0
dk

∫ π
a

0
(−dk)gph(k)gex(k)gex(k)gvib(k)

×δ(νi − [νex(k) + νph(k)])δ(νex(k) − [νd + νvib(k)]). (22)

By choosing a specific excitation energyνi the energy(νex(k) + νph(k)) is determined by
the first δ function and therefore a finite number of exciton energiesνex(k) are selected.
These select in the secondδ function the energiesνd . This means that a finite number
of detection energies are determined, depending on the initial choice ofνi , by the laser
frequency. As observed the spectra depend strongly on the excitation energy.

Figure 9. (a) The lineshape of the(0–1ν2) fluorescence transition at 15 K for different excitation
energies which correspond to those of figure 7. (b) For comparison, the lineshape of the(0–1ν2)

fluorescence transition at 15 K excited with a broad-band mercury arc light source [68].

In figure 9(a) a sequence of lineshapes of the(0–1ν2) transition is shown, which was
recorded for a crystal temperature of 15 K. The excitation energies correspond to those
of figure 7(b). At this crystal temperature the observed lineshapes became independent
of the excitation energy. Moreover the lineshape resembles that observed for broad-band
excitation conditions (see figure 9(b)). This similarity suggests that at this temperature
the whole exciton band is populated and contributes to the fluorescence transition. It was
concluded that in this temperature regime an increased exciton–phonon scattering rate leads
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to a redistribution of the exciton states within the manifold ofk states. This corresponds to
a situation where the population of statesk′

ex becomes independent of the initial population
of stateskex . For convenienceS(kexk

′
ex) will be approximated as a constant function

S(kexk
′
ex) ∼ C. Then thek selection rules givekex = −kph andk′

ex = kvib, which yields
for the signal

M(νd, νi = constant) ∼
∫ π

a

0
dkvib

∫ π
a

0
dkphgph(kph)gex(−kph)Cgvib(kvib)gex(kvib)

×δ(νi − [νex(−kph) + νph(kph)])δ(νex(kvib) − [νd + νvib(kvib)]). (23)

The two integrations are independent of each other and can be written as

M(νd, νi = constant) ∼ C

( ∫ π
a

0
dkphgph(kph)gex(−kph)δ(νi − [νex(−kph) + νph(kph)])

)
×

( ∫ π
a

0
dkvibgvib(kvib)gex(kvib)δ(νex(kvib) − [νd − νvib(kvib)])

)
. (24)

For a fixedνi the first integral gives a certain value which scales the signal without any
influence on the spectral dependence onνd . The shape of the spectra is determined (in the
second integral) by the product of the density of states of the exciton and the vibron, while
the δ function ensures energy conservation during the emission process. This is similar to
the case of the broad-band excitation, which is exactly what has been observed.

An equivalent experimental approach is to interchange the role ofνd and νi . If the
detection energy is fixed and the laser energy is varied a fluorescence excitation spectrum
is recorded. The result obtained for low temperatures is shown in figure 10(b). The
respective detection energies,νd , are indicated in figure 10(a). They were chosen within
the spectral regime of the fluorescence line obtained for broad-band excitation. The shape
of the spectra depends strongly on the choice of the detection energy. For temperatures of
15 K and above the excitation spectra became independent of the detection energy again
[70, 73]. The interpretation of the excitation spectra follows the arguments given above
just by interchangingνi and νd . Although the two experiments are equivalent and based
on the same underlying effect the excitation spectroscopy offered the comparison with a
further independent piece of information—the excitation spectra of isotopically substituted
molecules. To describe the spatially localized excited states of the isotopically substituted
molecules by using Bloch states|k〉 as basis set, one has to build wave-packets involving
k states of the entire first Brillouin zone. This means that these states can be populated via
the phonons independent of the phononk vector. The excitation spectra of these molecules
can be visualized as spectra of NO−

2 ions for which thek selection rule is ineffective.
In other words these excitation spectra indicate the efficiency of populating these states
via the phonons. This is analogous to the excitation spectra of the exciton in the rapid-
thermalization regime. As shown in figure 11(a) the excitation spectrum of the isotopically
substituted molecule (15N natural abundance) indeed resembles in shape that of the exciton
for higher temperatures (figure 11(b)). Both spectra represent an excited state which is
constituted by a superposition of|k〉 states of the whole first Brillouin zone. In the exciton
case allk states are sampled because of the scattering process while the localizedk states
are sampled by the uncertainty relation1k1x ≥ 2π which yields1k ≥ 2π/a, for 1x

of the order of the lattice constanta. A similar excitation spectrum was observed for18O
substituted molecules [73].

From these experiments it can be concluded that at low temperatures the singlet excitons
in NaNO2 conserve their initialk vector and a wavelike description of the excitons (coherent
limit) is adequate [70, 73].



132 J Köhler and D Schmid

Figure 10. The fluorescence excitation spectrum (b) of the (0–1ν2) transition at 4.2 K. For
comparison the detection energies,νd , are labelled 1–5 within the lineshape of the fluorescence
transition (a) which is obtained if the sample is excited with a broad-band light source.

5.2.2. Time resolved experiments.In the previous subsection the fluorescence lineshapes
were discussed for the two limiting casesS ∼ δ(k − k′) and S ∼ C. This section is
concerned with intermediate temperatures and the temporal evolution of the functionS on
a nanosecond timescale which reflects the redistribution of the excitons within the Brillouin
zone [70]. The sample was excited with a laser flash of 3 ns duration (FWHM) and an
excess energy of 18 cm−1 above the exciton resonance. The excitons created havek vectors
close tok = 0. The fluorescence was detected during a well defined time interval, called a
‘gate’ in the following. The gate width was chosen to be 5 ns and could be delayed with
respect to the laser flash giving insights into the dynamics of the exciton population. The
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Figure 11. Fluorescence excitation spectra of the
(0–1ν2) transition for (a) 15N substituted molecules
(natural abundance) at 4.2 K and (b) the singlet exciton
at 15 K.

Figure 12. The lineshape of the(0–1ν2) fluorescence
transition at 4.2 K (a) and 17 K (b). The excitation
energy corresponded to an excess energy of1ν =
18 cm−1. The fluorescence was detected only during
the first 5 ns after the laser flash [70].

signal recorded for a delay1t = 0 will be called ‘prompt’. To monitor the fluorescence
the (0–1ν2) transition was chosen. In figure 12 the prompt signals for the two limiting
temperature regimes are compared. For low temperature (figure 12(a)), a symmetric line at
a position ofν = (25 146.3 ± 0.5) cm−1 and a width of 1.3 cm−1 (FWHM) was observed.
At higher temperatures (figure 12(b)), the lineshape of the prompt signal already resembles
that obtained under broad-band excitation conditions at the same temperature. In figure 13
the transition between the two limiting cases is shown. In the left-hand part of the figure a
sequence of spectra recorded at 11.5 K is shown. The delay1t increases stepwise from the
bottom to the top. The prompt signal still shows a significant deviation from the ‘broad-band
lineshape’ which is shown for comparison in the inset of figure 13 for the same temperature.
However, for a delay of 35 ns the lineshape obtained at 11.5 K is similar to the ‘broad-band
lineshape’. Increasing the temperature, as illustrated in the right-hand part of figure 13,
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results in a shorter delay necessary to obtain the thermalized lineshape. These experiments
confirmed that at low temperatures the thermalization of the exciton band lasts a long time
with respect to the exciton decay time of 8 ns.

Figure 13. The dependence of the lineshape of the(0–1ν2) fluorescence transition on the delay,
1t , between the exciting laser flash and the detection gate. The sequences displayed were
recorded at 11.5 K (left) and 12.5 K (right). For comparison the corresponding lineshape for
broad-band excitation conditions is shown in the inset [70].

5.3. The thermalization process

The time resolved experiments allowed a crude determination of the time necessary for
the excitons to thermalize. The thermalization time was estimated by the shortest delay
1t that was necessary to obtain the ‘broad-band lineshape’ [70]. It was concluded that at
4.2 K the thermalization time is much longer than 35 ns because no change of the lineshape
was observed within the accessible delay. In figure 14 the estimates for the inverse of the
thermalization time as obtained from the delays for various temperatures are shown. By
taking advantage of well known properties of NaNO2 such as the phonon dispersion relations
[31, 32], the temperature dependence of the specific heat [33] and the elastic constants [85],
it was concluded that the exciton thermalization is determined by Raman-like two-phonon
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scattering events [70]. This means scattering events in which one phonon is annihilated and
another one is emitted. For acoustic phonon scattering aT 7 temperature dependence of the
thermalization rate is expected [86] while for optical phonons an exponential temperature
dependence should be observed [87]. Following a pragmatic approach as suggested in [88]
the curve shown in figure 14 is based on a function of the form

τ−1 = τ−1
0 + a(T /θD)7 + b exp(−Ephonon/kT ) (25)

using the values of 120 cm−1 for Ephonon, which is the energy of the lowest optical mode in
NaNO2, and 345 K for the Debye temperature,θD. The parametersa andb were adjusted
to fit the observed data points. For a better comparison the broken curve in figure 14 gives
the T 7 term only. The result of this approach is that a reasonable agreement with the
experiment can be achieved only by allowing optical and acoustic phonon scattering to be
relevant [70].

Figure 14. The rate of thermalization as obtained from the lineshape studies. The full line
corresponds to a calculation according to equation (25) usingτ−1

0 = 107 s−1, a = 3.5×1017 s−1,
b = 2.5 × 1013 s−1, θD = 345 K andEphonon = 120 cm−1. The broken curve represents the
part τ−1 ∼ a(T /θD)7 only [70].

Ashida and Kato [89] studied the energy transfer from resonantly excited isotopically
substituted molecules to the exciton band. They observed an increase in the exciton
fluorescence intensity with raising temperature. In contrast to the exciton thermalization
this could be explained with a two-phonon Raman-like process of acoustic phonons only.
Due to the localized character of the excited states of the isotopically substituted molecules
the k conservation is lifted and only energy conservation has to be taken into account.
Therefore the result of this study cannot be adapted directly for the exciton thermalization.
Nevertheless it shows that even for this less restrictive case concerning the conservation
rules the contribution of one-phonon scattering to the thermalization is negligible.

5.4. Exciton coherence

A realistic description of the intermediate case between purely coherent wavelike excitons
and a ‘hopping’ quasiparticle can be attempted by representing the excitation as a wave-
packet. The lifetime of any particulark state contributing to this packet is limited because of
the finite lifetime of the excited state and because the exciton can be scattered into another
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k state. As was pointed out the excitons conserve theirk vector at low temperatures,
which means that the constitution of the wave-packet is not changed significantly during
the exciton lifetime. At 11.5 K the ‘k state memory time’ can be estimated as [90]

[τ(k)]−1 = (1/8 ns+ 1/35 ns) = 1/6.5 ns. (26)

This time can be regarded as a characteristic time for changes of the constitution of the
wave-packet. It should be compared with the intermolecular transfer timeF−1 which is the
time it takes for the wave-packet as a whole to move for one lattice site. The value obtained
for F−1 was about 6.5 ps [52]. This means that the wave-packet visits about 1000 lattice
sites before it changes its constitution significantly. From these arguments it was concluded
that the exciton motion in NaNO2 is wavelike to a high degree of coherence, at least below
11.5 K.

6. Quasibound vibrational states

So far a consistent model has been proposed to explain the lineshapes observed in
fluorescence. In phosphorescence studies, on the other hand, the transitions of the triplet
exciton to the vibrationally excited states of the electronic ground state yielded lineshapes
depending on the number of vibrational quanta involved. This has been observed already
by Lisseet al [51] and it was studied in detail for the first members of the progression by
Kato et al [91] (see figure 15). As expected from the previous sections the (0–0) line is
symmetric and has a Lorentzian profile, the linewidth of which is 0.5 cm−1. Due to thek
conservation rule this transition is possible only for excitons withk = 0 since no vibron is
created in the ground state. For the(0–1ν2) transition an asymmetric lineshape is observed,
which served to estimate the vibron bandwidth. The shape of this line is in agreement with
the density of states calculated for theν2 vibron band. Obviously the higher members of
the progression show deviations from this lineshape. A relatively narrow peak (0.6 cm−1)
with weak sidebands on the lower-energy side is observed for the(0–2ν2) triplet transition.
Because the influence of the exciton bandstructure on the lineshape can be neglected for
the triplet transitions the features observed have to be attributed to the vibrons.

If the vibrations in the crystal were purely harmonic, the excitation energy of a doubly
excited vibrational state would be exactly the same as twice the energy of the fundamental
state. For vibrons this means that there is no difference in energy of two fundamental vibrons
travelling independently through the crystal (a two-vibron state) and a vibron in which each
molecule is doubly excited (an overtone state). If the molecular vibration is anharmonic
the ratio of these energies determines what is going to happen. If the anharmonicity is
large a so-called bivibron state is formed, which has small coupling to the states in the
two-vibron band. An overtone vibration travels through the crystal. If the anharmonicity is
small compared to the bandwidth there is a strong coupling between the overtone and the
two-vibron states. The energy of the bivibron lies in the two-vibron band. The theory of
multivibron bound states has been studied intensively in recent years [92–99]. To obtain
the anharmonicity for theν2 vibron of NaNO2 accurate values for the peak positions of the
luminescence lines have been determined. From these figures the anharmonicity constant
A = (E0 − 1

2E2) of the ν2 vibration has been obtained [91], whereE0 is the energy of the
fundamental mode andE2 is the energy of the first overtone. The value obtained forA is
(0.8± 0.5) cm−1. The accuracy ofA is rather poor because it is the difference of two large
numbers. The full bandwidth of theν2 vibron band has been estimated to be about 3 cm−1

[68], a value consistent with that given in [91] of(1.7± 0.5) cm−1. The anharmonicity and
the bandwidth are of the same order of magnitude and it cannot be expected that a bivibron
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Figure 15. The lineshapes of the first members of theν2 progression in the phosphorescence
spectrum [91].

state is formed with energies distinct from that of the two-vibron states. Following the
model calculation of Belousov [96] for this case a two-vibron quasibound state instead of a
bivibron can be formed, located at the bottom of the two-vibron band. Therefore the narrow
peak of the(0–2ν2) triplet luminescence lines is ascribed to the quasibound state while the
low-energy sideband corresponds to the two-vibron dissociated state. That the quasibound
state which is located at the bottom of the two-vibron band appears on the high-energy
side of the spectra is due to the fact that in the luminescence spectra the energy difference
between the initial and the final state is measured. Therefore the energy difference is largest
for states near the bottom of the band of final states. Using the same model potential as for
the bandstructure calculations Janssen and van der Avoird [100] computed the bivibron and
quasibound vibron states. The lineshape calculated depends strongly on the value used for
the anharmonicity constantA. For A = 0.3 cm−1 the overtone state is strongly coupled to
the two-vibron band and not visible in the spectrum. ForA = 0.8 cm−1 in the calculations of
Janssen and van der Avoird a quasibound state began to show up, whereas forA = 1.3 cm−1

a well pronounced quasibound state was predicted in the spectrum together with a weak
shoulder. The calculated lineshape obtained forA = 1.3 cm−1 is compared in figure 16
with the lineshapes of the(0–2ν2) transition.

In the fluorescence spectra the influence of the coupled state on the lineshape was
completely masked by the contribution of the singlet exciton dispersion to the lineshape.
However there are two possibilities of ‘switching off’ the singlet exciton bandstructure.
Recording (resonant) Raman scattered light involves only states atk = 0; the final state of
this process can be the quasibound state. Another possibility is to take advantage from the
slow redistribution ofk states in the exciton band at low temperatures. Exciting the crystal
with a narrow-band laser close tok = 0 offers the possibility of studying the quasibound
states. In figure 17 the fluorescence lineshape of the(0–2ν2) transition for near-resonant
excitation is compared with the calculated lineshape. The Raman scattering experiment
yields a similar result and is not shown here. The experimental line shows a narrow peak
of about 1.4 cm−1 width (the respective spectral width of the laser was 1.2 cm−1) and a
shoulder on the lower-energy side. This experiment demonstrates that the quasibound states
are also observable in fluorescence. In conclusion it can be stated that the observed features
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Figure 16. Experimental (a) and calculated (b) lineshapes of the(0–2ν2) phosphorescence
transition. For the calculationA = 1.3 cm−1 was used [91, 100].

are very well compatible with the interpretation of quasibound vibron states. The value used
for A in the calculations is slightly larger than the experimental value but still consistent
within the experimental error.

Figure 17. A comparison of experimentally (a) and theoretically (b) obtained lineshapes.
(a) The lineshape obtained for the(0–2ν2) fluorescence transition for narrow-band excitation
close toν00 at low temperatures [91]. (b) The calculated lineshape forA = 1.3 cm−1 [100].
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7. Summary

This contribution summarizes the investigation of excitation energy transfer and
luminescence lineshape studies carried out on pure and potassium doped NaNO2 crystals.
The energy transfer in NaNO2 is determined by the motion of the excitons and not by the
capture process at trap states. This makes NaNO2 a suitable system to study the motion of
Frenkel excitons. From the analysis of the data in terms of a generalized master equation
approach it is concluded that a one-dimensional exciton motion is most probable.

In agreement with these conclusions are the results from a detailed study of the
luminescence lineshapes observed. The asymmetric lineshape of the fluorescence transitions
is predominantly ascribed to the dispersion of the singlet exciton and that of the vibron
involved in the transition. For lower temperatures this lineshape additionally depends on
the excitation conditions. This is due to the slow redistribution of the excitonk states in the
Brillouin zone. The thermalization of the exciton band is explained by a simple exciton–
phonon scattering model. A minor influence on the lineshape is given by the formation
of quasibound states in the overtone bands of the vibron bandstructures. This effect can
be studied most easily for the triplet transitions (phosphorescence) where the influence of
the triplet exciton dispersion is negligible, but it can also be observed in the fluorescence
spectra. It can be stated that the lineshape of the luminescence transitions of NaNO2 is
understood in a consistent way.
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