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We present the first quantitative analysis of the vibronic spectrum with totally symmetrical
phonon based on the dynamical theory of vibronic spectra. Calculation of the fundamental
absorption spectrum, carried out for the naphthalene crystal, allowed the description of
absorption in the region of the first vibronic transition K | and the determination of the parameters
of the exciton-phonon interaction hamiltonian. As applied to the crystal with isotopic impurity,
the calculation revealed the existence of definite series in the impurity-vibronic complex spectrum:
two terms of the series are found experimentally. Also the application of the theory to compound
vibronic spectra involving two intramolecular phonons turned out very successful.

1 INTRODUCTION

Most of bands in exciton absorption spectra of molecular crystals correspond
to vibronic transitions when an exciton and one or more internal phonons are
simultaneously created. The intensity distribution in the vibronic spectrum is
determined entirely by interactions in the final state, that is, by the interaction
of the exciton with phonons created simultaneously with it. The exciton-
phonon interaction is not generally weak, and the dimensionless coupling
constant is about unity for most intensive vibronic transitions defining the
principal features of the spectrum. In many cases this interaction turns out to
be sufficient to produce bound exciton—phonon states. Under such conditions,
usual perturbation theory in the coupling constant is certainly inapplicable.
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So, the analytic theory can only be developed for the case when another small
parameter is found. »

The assumption that the parameter ¢./v <1 is small (¢, is the exciton
band width and v is the phonon frequency) forms the basis of the dynamical
theory of vibronic spectra developed by one of the authors' and then
considered in a number of papers (see, for example, Refs. 2, 3, and 4). Using the
smallness of this parameter, one can derive the exciton—phonon hamiltonian
conserving the number of phonons. This hamiltonian allows practically
complete solution of the problem, namely, finding the bound states of exciton
and phonon (one-particle states), the intensities of corresponding transitions
and the intensity distribution in the dissociated (two-particle) state spectrum.
Inequality &./v < 1 is fulfilled for the predominant majority of molecular
crystals. Owing to this the dynamical theory can be widely used for the
quantitative interpretation of experimental spectra. Apart from the dynamic
theory, only definite interpolation schemes are accessible. One described in
Ref. 5 appears to be the most effective.

The qualitative analysis of experimental data carried out on the basis of the
dynamical theory, at first for one of vibronic transitions in naphthalene,® and
then for the two first intensive transitions in benzene, naphthalene and
anthracene’ gave quite favourabie results.

Quantitative comparison between theory and experimental data has been
made by now for neat and impure naphthalene crystals® ® for the transition
which corresponds to the non-totally symmetrical (NTS) phonon b;, with
frequency 509 cm ™ !. Even though the situation in the two-particle absorption
region - is rather complicated by the external phonon contribution, the
agreement between theory and experiment is quite satisfactory.

However, totally symmetrical (TS) internal phonons are of the greatest
interest, from the point of view of dynamical theory, because the hamiltonian
of the TS-phonon interaction with exciton has a very peculiar non-local form.
In the present paper, the naphthalene vibronic absorption spectrum involving
the TS-phonon is calculated. The results describe rather well the experimental
spectra '® 11 of perproto d, and perdeutero dg naphthalene in the region of
K -transition.t In conclusion, impurity crystal spectra and two-phonon
spectra are also discussed.

+ Hereafter we denote the vibronic spectrum regions including n TS phonons as K,,. The
strongly polarized one-particle absorption bands we denote as A, and B, to indicate their
polarization. So, the pure electron exciton doublet is denoted as K, and the corresponding bands
as Ag and B,. The vibronic one-particle absorption doublet in the K ,-region is denoted as A, and
B,,and in the K ,-region—as 4, and B,, etc. In this paper our notations differ from those used in
earlier works where the exciton doublet was denoted as 4, and By, the first vibronic one as 4, and
B,.etec. Vibronic absorption one-particle bands with one NTS phonon we shall denote through M
as before.
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2 GENERAL APPROACH

The dynamical theory' hamiltonian in the site representation has the form
when counting off the electronic term

H = Hex+th+HEx§t)+H(ir2n) (1)
where
ch = Z Mnamﬂ a:az amﬁ > th =V z b:oz bna ’ (2)
na #mp nx
Hil =AY ag,du, b, by, (3)

H(Iﬁl) = VZ Z anm/i ":z amB{b:a bm/x +b;/¥ bpz— b:z boy— b:;[i bmﬂ} 4
nx % mff
Thefirst two terms are the free exciton and the free phonon hamiltonians: v, is
the vibrational frequency of the molecule in its electronic ground state. The
term H!!) describes the exciton—phonon interaction caused by the change in
vibrational frequency (by A < 0) under molecule electronic excitation. This
interaction is quadratic and exists for phonons with any symmetry. The term
H{2) owes its origin to the linear exciton—-phonon interaction, which leads to
the oscillator equilibrium position displacement under molecule electronic
excitation: y is the dimensionless constant corresponding to this interaction.
When M ,usl < vo, the linear interaction hamiltonian (which does not
conserve the number of phonons) may be reduced to hamiltonian (4),
conserving the number of phonons.
In the Condon approximation, the renormalized matrix elements of the
resonance interaction M, are connected with the pure electronic matrix

elements M2, by the Debye-Waller factor ¢~ 7":
anm[f = Mr?;vnn[x‘e*y: (5)

The total intensity of the vibronic transition I, corresponding to one exciton
and one phonon creation is simply related to the intensity of the pure
electronic transition /q:

I = )‘210 (6)

The values y and A are intramolecular constants. If they are known from the
experiments on vapour or impurity spectra, the exciton—-phonon interaction
hamiltonian does not contain any unknown parameters and is fully de-
termined by resonance integrals M,,,, associated with the exciton Spectrum
dispersion law.
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Hamiltonian (1)}+(4) has always continuous spectrum, corresponding to
two-particle states of the exciton +phonon pair. This spectrum coincides in
width with the exciton band width. If the exciton-phonon interaction is
sufficiently strong, then along with two-particle states the one-particle states,
that is, bound states of the exciton +phonon pair, may arise. One-particle
states are to be correlated with narrow bands of a vibronic absorption
spectrum.

Intensity distribution in the two-particle spectrum is determined by the
exciton—phonon interaction. For NTS phonons the constant y = 0 and the
interaction is reduced to H{)). In this case the two-particle absorption
spectrum is directly expressed through p(w)—the density-of-state in the
exciton band. To solve the problem for TS phonons, one should know the
exciton spectrum disperson law ¢,(k): index x numbers the exciton bands.

The density-of-state p(w) in the exciton band of naphthalene crystal has
been found so far with satisfactory accuracy by analyzing the whole set of
experimental data (Figure 1). It is also known that the matrix element M,
x~ 20cm~ ! dominates among the other resonance integrals. It corresponds to
the interaction of adjacent translationally non-equivalent molecules in the
crystal ab-plane. To keep only this integral is equivalent to pass to the layer
lattice. However p(w) constructed in such a model deviates greatly from the
experimental one (see Figure 1). This shows that other integrals are also
significant. Unfortunately our knowledge of their values is insufficient at
present. Three sets of the integrals proposed in Ref. 13 are completely different
from each other though all these sets describe the p(w) rather well. So only

P

NS

15

! 0 { o

FIGURE ! Exciton density-of-states of the lowest electronic transition ' B,,, of the naphthalene
crystal. The half-width of band 90 cm ™! is taken as unity. |. Experimental density-of-state as the
result of data processing for isotope-impurity crystals.® The centre of gravity position &, = —84
cm ™' is measured from the bottom of the band. 2. Result of calculation in the approximation of
the nearest neighbour interaction, M, = 22.5¢m ™' (features in the band centre and on the edges
are due to the two-dimensional model).
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plw) and M, will be used in our calculations. Doing so one can believe to
obtain a reasonable description of the general picture rather than the
reproduction of details.

There is a specific feature of the naphthalene spectrum which gives rise to
marked complications and requires a special discussion. The first electronic
transition of the naphthalene molecule 4,, — ' B,, is very weak : its oscillator
strength in vapour is [y =10"*"'* Its value in the crystal rises to
f8,, = 2-10° % (Ref. 10) due to mixing with the second transition !B,
(Ref. 15) having oscillator strength fz, = 0.1. The second transition is
close to the first one: in vapour the distance between them is equal to E|,
% 3900 cm ', '7 and in the crystal it is reduced to E,, ~ 2180 cm " '.!® The
frequency of the TS vibration v, (761 ¢cm™') corresponding to the vibronic
absorption K, is comparable with E,,. But for vy ~ E,; the configuration
admixing of the second electronic transition is different for electronic and
vibronic components of the first electronic transition. So, the theory,'
constructed for the isolated transition, is not directly applicable to it.

There 1s, however, a favourable circumstance which simplifies the problem
and makes its treatment fairly accessible. [t is based on the fact that the ratio
f8,./f5,. = 0.2 < 1. This makes it possible to consider the interlevel mixing
as comparably small (admixture of Y5, to p, isabout # = 0.4). The great
change in the oscillator strength fj, //%,. > 100 is due simply to enormous
difference in the oscillator strength of both transitions in the free molecule
(f%,.//%,. = 0.001). If the contribution of dipole-dipole interactions
to the exciton band width is not too larget and f is small, then quasi-
particle dynamics will be described by hamiltonian (1)-(4) as before. It
can be shown that in this case it will describe properly the intensity distri-
bution in the vibronic spectrum (including one- and two-particle spectrum)
as well. In what follows, we shall confine ourselves to this approximation.
But the integrated intensity of vibronic absorption is not determined by
formula (6) in this case; it depends, due to configuration mixing, on the
exciton-phonon interaction constants for both electronic transitions. The
fact that for E,, ~ v, different vibronic levels mix independently with the
second electronic transition has been noted in Ref. 11.

3 VIBRONIC ABSORPTION SPECTRUM CALCULATION

In the dynamical theory the vibronic absorption spectrum corresponding to
the excitation of one phonon is described by the two-particle exciton-phonon

+ The quantitative theory of naphthalene exciton band is not available. But, taking into
account the oscillator strength value, the band is likely formed chiefly due to higher multipole
interactions, and the contribution of dipole-dipole interactions is of the order of 10%,,.
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Green function. In the electro—dipole approximation, the conductivity tensor
describing directly the absorption has the form:
2

e P
5 _ — I F .
o (w) o Im % (@) P, - Py (7)

Here v is the unit cell volume, P, is the dipole moment of the intramolecular
vibronic transition in molecules of sublattice a (corrected for configuration
mixing) and F,;(w) is the two-particle exciton-phonon Green function at the
zero total momentum.

The function F,;(w) is generally expressed through the exciton-phonon
vertex I',;.;(k, k;) (Figure 2). The method of solving the equation for the
vertex, proposed in Ref. 1, is based on the fact that I', and hence F, can be
rather simply expressed through the vertex T for the auxiliary problem in
which the exciton—phonon interaction reduces to the second term in Eq. (4),
i.e., to the exchange-resonance interaction of the type a,, anbms by, - The
infinite equation system for the vertex T ,;,5(n, m) is truncated in the site
representation, if the interaction with only a finite number of neighbours is
considered.

We have solved this system for the naphthalene type lattice including only
the interaction with the nearest translationally nonequivalent neighbours
M,, =M and have calculated the matrix F,;. The conductivity tensor
components g, , determining the spectrum in the two principal directions in
the ab plane are determined, with allowance made for sublattice equivalence,
by expressions

10,0) + 452 <a—-;—b »

>.x(w)
Filw) = F|(w) +(_1))'F1z(w) = @, () (8)

Here 4 = 1,2 correspond to the electric vector polarization along a and b axes,

B kyy

A )
— k2 // N

FIGURE 2 Exciton-phonon vertex [z 4k, k,).

\ —k, o
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a and b are the primitive translations in these directions. The function f is
defined by
d.’:k eikl

flo) = v };Bi‘ Bj LG>3 w—&,(k)+i0 ©)

for any lattice vector | joining the « type molecule with that of the § type;
summation is over both exciton bands, BY are known phase factors. Here and
thereafter, two different energy scales are used to simplify the formulae. In the
quantities connected with the vibronic transition, such as F,(w), frequencies
are always counted off the vibronic term £, + v, . On the contrary, all the values
connected with the pure electron transition—e, (k) and p(w)—are counted off
the electron term g,. With such a reading, two-particle spectrum edges
coincide with the edges of the region p(w) # 0.
Functions y; are equal to

___rM
BT T My 10
and functions @, are equal to
2
Q,(w) = {1 - (—U‘M(%l—’,w)h}
“{f((),w) +4f? <£;E,w) .VA}
X {A + (=1 &M (1 +4¢y;}, (11)
where
plw) = fl0,w) + fla,w) + fib,w) + fla+b,w) {12)

In the model of the nearest neighbour interaction the various f{l,w) are not
independent. In particular,

a+b wf(0,m)—1 w(wfl0,w)—1)

fl——o — T

2 S am > O T e

aM (13)

These formulae together with Eqgs. (8)-(12) enable the absorption spectrum to
be directly expressed through the (0, w). This last integral does not depend on
the details of the dispersion law ¢, (k), but is fully determined by the density-of-
state p(w) in the exciton energy spectrum Im f(0,w) = —7np(w): p(w) is
normalized to unity. Thus, in the scheme adopted, the absorption spectrum is
determined by the values A, y, M and function p(w). The direct application of
formula (9) to the model of the nearest neighbour interaction would lead to a
singular p(w) (Figure 1, curve 2). So, it would be more reasonable to take
advantage of the experimental curve p(w) for the three-dimensional crystal.
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Such a combination of the nearest neighbour model with the use of the
experimental p(w) has been used earlier'® rather successfully when calculating
defect impurity states. So, one can hope that such an approach will lead in our
case to satisfactory results, as well. The comparison of integrals f{l,w) found in
this way with that calculated in Ref. 13 by a more sophisticated dispersion law,
shows that, as a whole, they are similar.

For the calculation results to be applied in the future to the analysis of
naphthalene spectrum, curve 1 of Figure 1 is taken as p(w). The value of M is
taken as 180/8 =22.5 cm™! so as to give a correct value of the exciton
spectrum width: it is close to the values obtained by other methods. The
frequency change A is known only for vapour (A = —59 cm™!).!* For the
crystal this value may change somewhat (as it is, e.g., the case with the NTS
phonon v, = 509 cm™!').® Therefore, we shall not assume below that A
remains unchanged. The value y is not known at all due to a large contribution
of the configuration mixing effect to the absorption intensity. We shall try in
the future to determine it by fitting the calculated and the experimental data.

4 THE K, REGION: CALCULATION
AND COMPARISON WITH EXPERIMENT

In order to gain general insight into the structure of the spectrum we shall start
with describing the calculation results of the spectrum as a function of
parameters A and y.

The position of é-shaped one-particle absorption bands is determined by
the isolated poles of the functions F,(w) (cf. (8)), i.e., by the roots of the
equation

O, (w;) =0 (14)

Frequencies w, determine the positions of one-particle bands and lie off the
energy region corresponding to two-particle excitations.

Figure 3 shows the dependence of Eq. (14) solutions @, on A. We consider
only the case of negative A since this very case corresponds to the experimental
situation. For negative A, one-particle bands lie in the frequency region below
the lower edge of two-particle absorption. The curves in Figure 3 correspond
to definite values y2. The case of y? = 0(curve 0) corresponds to the interaction
of exciton with NTS phonon which was investigated earlier.® In this case Eq.
(14) reduces to the well known equation

! 1 !
afple)de (15)
a—Q

As has been shown earlier in Ref. 8, the solution of this equation with the
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Phonon frequency change, A

12 -08 _04 0 4
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0 :
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5/ 422

b

FIGURE 3 Position of 6-shaped bands of one-particle vibronic absorption w, depending on
the phonon frequency change A. The frequency change and band position are given in units of the
exciton band half-width. The curves correspond to the following y? values: 0-0; 1’ and 1-0.2;
2-04;3-0.6;4-08;5-1.0;6-1.2.

experimental density-of-state p(w) describes quantitatively the position of the
one-particle states exciton+NTS phonon and the impurity levels in de-
uteronaphthalenes isotope—impurity crystals.

Aty? 5 0 Eq. (14) are not the same for two spectrum components (4 = 1,2),
polarized along a and b crystal axes. The curves located under the curve with
y? = 0 correspond to the first case, and those located above it correspond to
the second case. From Figure 3 it is seen that one-particle excitations arise
only for |A| larger than some critical value JAZ,|. The critical value |AL| for the
a-component is less than |AZ| for the b-polarized bands. Therefore, for
some region of values A, the one-particle band arises only in the a-component,
i.e,, the vibronic muitiplet of one-particle absorption is incomplete as opposed
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o5

=04 7

0 { o - 0 1 o

FIGURE 4 Distribution of intensity of a two-particle vibronic absorption at two polarizations.
Negative frequency changes A are given in units of the exciton band half-width and correspond to
the marking: 1-0: 2-0.2: 3-0.4: 4-0.6; 5-0.8: 6-1.0: 7-1.2.
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to pure electronic Davydov multiplets. Even this fact shows how much vi-
bronic spectra with TS phonons are complicated compared to the case of
NTS phonons where spectra are identical in both components.

The two-particle absorption intensity distribution according to Eq. (7) is
described by Im F (). Its shape for a set of values A and y? is shown in Figure
4. The value y> = 0, corresponds to the case of the NTS phonon investigated
earlier.® The tendency is markedly pronounced for narrowing the two-particle
absorption bands as y* approaches unity.

In the dynamical theory,! two-particle bands are §-functions at y2 = |, since
in this case the matrix element of the joint exciton and phonon configuration
decay turns into zero and the spectrum is of quasi-one-particle character
though it is located in the two-particle energy region. But even at the values y2,
substantially different from unity, two-particle bands have a markedly
pronounced maximum as seen from Figure 4. Exceptions are the curves
corresponding to small values y* = 0.1 as well as to values A close to the
critical ones. In such cases the two-particle spectrum is either a wide band with
flat maximum or a band of more complicated shape.

The zeroth moment of a spectrum does not depend on A and y, so the area
under the calculated curves summed over one- and two-particle spectra is
normalized to unity. The first moment of a spectrum defines its centre-of-
gravity position @, relative to the frequency ¢, + v,: @, are determined by

@, = A+ (-1 4:M

For Davydov splitting value of the K -transition we have, respectively, A%
= 8y2M = y2AZ where AZ is Davydov splitting in the pure electronic
transition,

The naphthalene-d, crystal absorption spectrum in the K, vibronic
transition region 4, — 'B,,q, is given in Figure 5. The narrow 4,-band
(32229 cm™!') dominates in the a-component. In the b-component, the
absorption is represented by the wide band with complicated structure wholly
located in the two-particle spectrum region. The analysis of the vibronic
absorption showed?? that the most intensive band 2, (32260 cm™!')
corresponds to the phonon vy, = 764 cm ™! and bands I, IT and 11 correspond
to one-particle vibronic transitions with other internal phonons. The two-
particle state energy spectrum is located in the region 32240 +32420 cm™ '+
Hence it foliows that the 4,-band is one-particle and all absorption in the b-
component is of two-particle type.

When comparing the theory with experiment, we have chosen the values of
two free parameters A and y* so as to fit the positions of 4;-band and the &,

+ The phonon frequency in the crystal ground state is taken to be equal to 764 cm ™! (Refs. 21
and 22) (in vapour v, = 761 cm ™).
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band maximum. The only A and y* values meeting these requirements are A =
—0.63 (=57 cm™ 1), y* = 0.20. As seen from Figure 3 the one-particle band
exists, at these values of parameters, only in the a-component in accordance
with the experiment. The calculated fraction of two-particle absorption in the
a-component is about 40%. However, due to the low value of absolute
intensity in the ga-component, the wide-band two-particle absorption ampli-
tude (cf. Figure 4 at y* = 0.2) is at the background level.

The calculated two-particle absorption spectrum in the b-component is
shown in Figure 5. Due to the strong configuration mixing in the ,-band, we
fail to compare the calculated and experimental bands by their absolute
intensity. So, the scale along the x-axis for the calculated spectrum has been
chosen to make minimal the mean-square deviation of the calculated band
from the experimental &,-band. As seen from Figure 5 the shape of both
curves coincides fairly well.

The value y? = 0.20 found shows that the coupling between exciton and
phonon under consideration is not strong. This agrees with rapid intensity
decay in the luminescence band series involving this phonon,?* as well as with
the qualitative intensity distribution in vapour spectra.'* The value of A found
by us turned out to be close to that of vapours A= —59 cm™!: this
undoubtedly witnesses in favour of the above-performed analysis.

The similar comparison between calculated and experimental data has also
been made in the K,-transition region for the naphthalene-dg. The crystal
spectrum in the '4,, — 'B,, a, transition region is shown in Figure 6. As with
the naphthalene-d, crystal, the one-particle 4 ,-band (32277 cm ~ !) dominates
in the a-component; the absorption in the b-component (except for bands I, I1
and Il having another origin'!) is fully two-particle with a markedly
pronounced 2,-band (32297 cm ™ !). The two-particle states energy region is
from 32283 cm ™! to 32463 cm ™! (in the crystal v, = 695 cm™!).

The best fit of the experimental and calculated values of the 4, and &,-band
maximum positions with respect to the two-particle spectrum low-frequency
edge is achieved at the parameter values A = —0.58(—52cm ™ ')and y2 = 0.16
(for vapour A = — 54 ¢cm ~!). Using these values one can explain the absence of
the one-particle band in the b-component and the weakly pronounced two-
particle absorption in the a-component at the background level (its integral
intensity is about 0.46). The two-particle band obtained from the calculation is
shown in Figure 6. As with the naphthalene-d, the calculated band in the
spectrum under consideration fits well the experimental band and shows its
main characteristics.

Thus, the general Z,-band shape is well described by the theory both for the
naphthalene-d, and naphthalene-dg. However, in the naphthalene-d,, spect-
rum there is one very pronounced additional band, namely band IV (Figure 5).
In the naphthalene-dg spectrum this band is likely to correspond to the
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FIGURE 5 Measured (solid line) and calculated (dashed line) naphthalene-d, crystal absorp-
tion spectra in the K ,-transition region, T = 4.2°K,'®2® A = —0.635, y* = 0.20. The energy
region of two-particle states with the TS phonon v, = 764 cm ™! is indicated under the abscissa.

0.02} A, N 2 15

1. .
32300 32400 32500 o, o
SRS S ‘

FIGURE 6 Measured (solid line) and calculated (dashed line) naphthalene-dg crystal absorp-
tion spectra in the K ,-transition region; T = 4.2°K,*® A = —0.58, 7% = 0.16. The energy region
of two-particle states with the TS phonon v, = 695 cm™! is indicated under the abscissa.
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shoulder of the &,-band. The 1V-band origin is not yet clear, and temptation
arises to relate it to logarithmic singularity in p(w) in the vicinity of the exciton
band spectrum saddle point due to its quasi-two-dimensional structure. Such
a singularity is seen in curve 2 (Figure 1), and it might be assumed that it is not
revealed in the experimental curve 1.

To clear up this problem, we have calculated F for a two-dimensional
problem. Using Eqgs. (12) and (13) one can transform Eq. (8) to the form

Fylo) = [0t v, iM (16

A._
{1 +2y — (— 1)‘4—;\)4‘ — (A+4y) 0, w)}

with y; = (— 1)*y>M. The even function Im f(0, w) diverges as In|w| near the
saddle point: the odd function Re f{0, w) vanishes at w — 0. It follows from Eq.
(16) that near the singular point @ = 0 the function Im F, vanishes as In~ ' |w).
An exception is a particular case A+4y, =0 when f(0, w) enters only the
numerator of Eq. (16), so Im F, increases as In|w| at w — 0.

Thus, at general values of parameters, the peak at the saddle point is absent.
To clear up whether the peak arises close to it, the numerical calculation was
performed by formula (16). Figure 7 displays the spectrum in the b-component
at the value y? = 0.2 corresponding to the naphthalene-d,, . At other values of
y? the picture is similar. It is seen that the curves in Figure 7 are similar to the
corresponding curves in Figure 4. The feature at w = 0 is weak. In the cases,
when extra maxima arise near w = 0, they are pronounced rather weakly.
This, in particular, relates wholly to curve 4, corresponding to the value A =
—0.6 which suits the naphthalene case. A sharp peak at w = 0 on curve 2
corresponds to the above criterion A +4y;, = 0 (with 1 = 2 and 4M = 1): this

4

2

5.

6. 4
/

\‘
%

-1 0 1 0

FIGURE 7 Distribution of intenseity of the b-polarized two-particle vibronic absorption for
the layer crystal model. Designations are the same as in Figure 4: 72 = 0.2.
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curve shows no other maxima, and it has nothing in common with the
experimental 2,-band.

Thus, the calculation gives no reason to connect the IV-band with the saddle
point, and the puzzle on the nature of this band still remains to be solved.

5 IMPURITY SPECTRUM

Hamiltonian (1) to (4) is easily generalized for the crystal with isotopic
impurity. An independent check up of the above analysis of the intrinsic
absorption in the region of K ;-transition may, therefore, be a calculation of the
vibronic impurity absorption, e.g., for naphthalene-d, impurity in
naphthalene-dg . The calculation was performed for the same TS phonon v,
=764 cm ™! for the restricted crystal region in the plane lattice approxi-
mation. In the lowest approximation four nearest neighbours (first coordi-
national sphere) and in the next one twelve neighbours (three coordinational
spheres) were taken into account. The calculation, was based on the
hamiltonian (1)-(4) supplemented by two terms. The first of them A, ag a,
with A,, = — 115 cm ™! describes the isotopic shift for exciton and the second
Aoy bg by with A, = 69 cm ™! for phonon on the impurity site na = 0. Some
corrections were made taking into account the difference in parameter values
A and y? in naphthalenes d, and dg (A = —57 and —52c¢m ™', and y? = 0.20
and 0.16, resp.).

The results for some lowest levels of the system are summarized in Table I:
total intensity of the vibronic transition in the intrinsic spectrum calculated
per one molecule is taken as the intensity unit. The results are more easily
understood when singling out two configurations which contribute pre-
dominantly into these states. The configuration with both exciton and phonon
being on the impurity molecule corresponds to the energy —115+69 — 57 =
— 103 em™!. The configuration with exciton being on the impurity molecule
and phonon on one of the host molecules corresponds to the energy —115
cm !, The remainder configurations have a substantially higher energy.
Hence, the lowest level of the first approximation as well as three lowest levels
of the second approximation are the first terms (m = 1,2,...) of the series
corresponding to the states when exciton is bound predominantly at the
impurity centre and TS phonon is moving at an ever-increasing distance from
it. From Table I it follows that the binding energy for this series is very low: it
is about de = — 1.5 to —2 cm™!. The intensities of successive bands decrease
rapidly since the total oscillator strength of vibronic transition arises from the
joint configuration of exciton and phonon. The limit of this succession
corresponds to the frequency w,, = g, +v, where wy, is the frequency of the
impurity electronic K; band, and v, is 695 cm™! (dg is host). If the
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experimental value wg, (Ref. 23) is used, then w, = 32037 cm™' which
constitutes — 130 cm ™! counted off the term of separated vibronic con-
figuration of the host crystal. This value, within the accuracy of determining
the energy wg,, is in agreement with the calculation for m = co.

The next band (—111.4 cm ™! in the second approximation) is, in fact, the
zeroth term of this series (m = 0) falling out entirely in frequency of series
regularity. In the quantum state, corresponding to this band, the completely
joint configuration dominates so that exciton and phonon are on the impurity
molecule. As a result band is to be observed in the spectrum with the highest
intensity. The deviation of its intensity from unity (in both spectrum
components; see Table I)is due to the fact that exciton—phonon wave function
is partly extended outside the impurity cite.

From Table I it is seen that the convergence of results for energies is rather
good. As to the accuracy of results for intensities (especially for the K’/ -band), it
is far less.

By analogy with the accepted® 2*:%° designation of impurity bands in the
region of vibronic transitions with NTS-phonon (M’, M”, etc.) we denote the
band with m = 0 as K, and bands with m > 1—as K|, K| and so on. The
difference is that in the primed M-states, a phonon is in fixed position on one
of the sites, while in the primed K | -sites, it moves over the crystal (mainly near
the definite coordinational sphere). ‘

On the higher energy side there is the host A4,-band. Our calculation
accuracy is insufficient to ascertain whether it is preceeded by the local state in
which the vibron as the whole is weakly bound at the impurity centre.

Figure 8 displays the experimental data on the impurity absorption of
naphthalene—d, in dy in the K,-transition region. In this figure also are
shown theoretical positions of impurity bands obtained as a sum of energies
given in Table 1 and the experimental value of the vibronic term g, + v, of the
host crystal. The arrow A, indicates the calculated position of the 4,-band
according to Section 4.

Comparison of spectra | and 2 in Figure 8 shows that even at the
concentration of d, equal to 2%, the band K/, is apparently pronounced. With
further increasing in concentration to 10% the intensity of this band increases
nearly linearly, and its maximum is shifted somewhat to lower frequencies.
Such a behaviour is very much reminiscent of that for the impurity M'-bands
with A,, < 0.2° The assignment of this absorption as the K'-band (i.c. with the
state m = 0) is beyond any doubt.

The substraction of the K| band on curve 2 can be done only questionably
since the change in absorption is within the experimental error shown in
Figure 8 by bars. The error is found by the change in the x scale for different
crystals. But on curve 3 (concentration is 5%) the maximum in the K{-band
region is pronounced apparently. It is of interest that this maximum does not
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FIGURE 8 The a-component of the naphthalene-d, crystal absorption spectra with impurity
dy in the K -transition region (experimental data are obtained by A. V. Leiderman). The curves
correspond to the foliowing concentration values of dy: 1—0%: 2—2%: 3—5%,: 4—10%,. The
curves are shifted respectively to one another along the vertical and the points (1) 0, (2)0, {3) 0 and
(4) O correspond to a zero reading of intensities of the curves 1, 2, 3 and 4, respectively. The absolute
scale is the same for all the curves and is indicated for curve 1. Energy is reckoned from the crystal-
solvent vibronic term g, +v, (32167 cm™!). Beneath the abscissa is shown the region of two-
particle states with the TS phonon v, = 695 cm ™' for d, crystal. The arrows denoted A4,, K, and
K7 indicate the calculated positions of corresponding bands, K', corresponds to the position of the
impurity K| band, calculated by Eq. (15). The quantum number m for the impurity states are
indicated above the abscissa. The dashed line repeats the host absorption.

increase on further and becomes smoothed (curve 4), which seems to be quite
natural since the structure corresponding to separated configurations must be
the least steady one. The ratio of the K- and K'|-band intensities, by Table I, is
~ 30%: this value does not contradict the experimental data in Figure 8 at low
concentration (2 5%).

It should be emphasized in conclusion that an excellent agreement of
theoretical and experimental positions of the K’ and K| bands is all the more
convincing that we had no free parameters when calculating them.

6 COMPOUND VIBRONS

Quite similarly to the impurity vibronic K,-spectra, one can calculate the
spectrum of compound MK vibron including one NTS and one TS phonons
(with frequency changes A = —89cm ™' and A = —57cm ™!, respectively) in a
neat crystal. The site on which NTS phonon is localized acts here as the
impurity site and the difference is mainly that the placing of two phonons on
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the same site does not result in the change of phonon energy (ie. A, =0
within the harmonic approximation). Therefore, classification of states is like
that for the impurity vibron hence we label the bands in an analogous way.

The results of calculation are shown in Table I1. Here the band correspond-
ing to the m =0 term of the series has the lowest frequency. For it the
completely joint configuration predominates, as before (both phonons and
exciton are on the same site), so this band is the strongest. As to the other
states, where separated configurations of phonons are predominant, they must
have extremely low intensities and thus are hardly to be detected
experimentally.

According to the calculation, the (MK ) band is to be located at frequencies
32680 cm ™! and 32717 cm ™! in the d, and dg crystals, respectively. Two
apparently pronounced bands at 32674 cm ™' and 32678 cm ™ ! are observed in
the d,, crystal 2 experimentally, their assignment has not yet been established.
One of them should be assigned to the (MK, )'-transition. The spectroscopic
analysis which will be described elsewhere?® shows that the first band should
probably be identified with the (M K,)" band. In the dg crystal the band at
32718 cm™! is observed.*® Its position coincides extremely well with the
theoretically calculated one. Since there are no other bands nearby this
identification seems to be unambiguous.

It is also of some interest to discuss the compound vibron 2v, (overtone).
For the phonon vy = 764 cm™! in the d, crystal a rather large frequency
change 2A = — 114 cm™! corresponds to the joint overtone configuration so
the one-particle state will possess large binding energy. In this case the level
shift caused by repulsion from the bottom of three-particle state spectrum is to
be about the same as for impurity exciton with equivalent A, (this shift value is
expected to be about 10 cm™'). A more precise calculation has not been
performed so far. The great 2A value results in the fact that A, and B, one-
particle bands will exist (and dominate) in the two-phonon K ,-transition in
both spectrum components (in contrast to the K,-transition). Matrix
elements, corresponding to the resonance simultaneous transfer of exciton and
two TS phonons from site to site are M,p,mp = (v*/2) M onamp » S0 Davydov
splitting in doublets 4, B, and A, B, are simply interrelated: A? ~ (y*/2) AY
~ 3cm ™' (1.6 cm ™! for the d; crystal). Such a splitting of 4, and B,-bands in
the spectrum region discussed may hardly be observed. By analogy to the
compound vibron such a band can be designated as (KK)'.

In the d, crystal two non-splitted bands 32949 and 32956 cm ™! are located
in the region of the expected position of the A,-B, doublet. The analysis of
intensities of these bands shows that the second band, relatively weaker, of
them should be most likely assigned as the band (KKY). In the dg crystal the
non-splitted band 32954 ¢cm™' can be indentified in such a manner (see,
however, remarks below on this band position).
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FIGURE 9 Band position of local and one-particle {electronic and vibronic) absorption in neat
and isotope-impurity naphthalene crystals depending on the potential energy of exciton in the
corresponding states. © are the K bands of purely electronic impurity absorption:?? the position
is measured from the exciton band bottom. A are the M’ bands of vibronic absorption with one
NTS phonon and the naphthalene crystal M-band:?3 the position is measured from the bottom of
two-particle state spectrum. [ are the bands of compound tones and overtones. 1 is the K'|-band
of vibronic absorption with the TS phonon for the impurity d, in the d crystal: the position is
measured from the bottom of two-particle spectrum. 2 and 3 are the (M K, ¥-bands of one-particle
absorption in the compound vibronic transition of the d,, and dg crystals, respectively: 4 and S are
the (KK) bands of one-particle overtone vibronic absorption of the d, and dg crystals,
respectively: band positions are measured from the bottom of three-particle state spectrum.
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7 POSITION OF VIBRONIC BANDS

To value concordance of the above data, we display in Figure 9 the summary
data on the position of the number of bands in spectra of naphthalenes. One
group of points corresponds to the position of Kj, isotopic impurity bands in
the pure electronic spectrum. In this case, on the abscissa the local potential of
the defect, i.e. the isotopic shift A, determining the level position by the
equation analogous to (15), is plotted. The second group of points corresponds
to M and M’ vibronic bands. The local exciton potential, in this case equal to
the frequency change A for the intrinsic M-band or to the sum A +A,, for
impurity M'-bands, is also plotted on the abscissa. The third group of five
points corresponds to the above K, and (MK )" and (KK)-bands. For them,
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the energy of completely joint configuration was plotted on the abscissa (cf.
Tables I and 11).

Within the framework of the dynamical theory, the two first groups of
points are defined by the same Eq. {15), so they must lie on the same curve.
From Figure 9 it is seen that this actually occurs.??

The case 1s somewhat different with the third group of bands which due to
the term H{?! in hamiltonian (1) are defined by more complicated equations.
One can see however the positions of the bands 2, 3 and 4 corresponding to the
large values |A+A'| and 2|A| deviate insignifically from the curve. In
particular, the positions of the (M K’|)-bands 2 and 3, calculated in Section 6,
differ from that obtained by formula (15) by 1.2 cm™! and 2.3 cm™!
respectively.

The observed shift in the position of the point 1 is quite natural, since the K
band is repelled up from the group of levels with m > 1 located below it (cf.
Table 1). At the same time, this band’s position, as shown in Section 5,
coincides with that calculated by the rigorous theory. So, the strong shift of
band as compared to the results obtained by Eq. (15) is an excellent exhibition
of the TS phonons mobility effect and of the influence of the term H!2).

The observed strong shift of the (KKY-band in the dg crystal (point 5) is
however obscure. We have no ideas concerning a model which could explain
qualitatively such a substantial level shift. A rigorous calculation of the level
position as well as the discussion of some extra mechanisms (e.g. in-
tramolecular anharmonism) are called for. Therefore, the assignment of the
band 32954 cm ™! as the (KK) band must be considered tentative.

8 CONCLUSION

As far as we know, this paper is the first, where the complete calculation and
quantitative analysis of vibronic spectrum with TS phonon was carried out.
Preliminary results of our analysis were reported in Ref. 27. The previous
caleulations in Refs. 1,2 and 3 were concerned with one-dimensional models
only.

The calculation reveals clearly the qualitative regularities of the spectrum.
Thus, wide two-particle bands arising at the small exciton—-phonon coupling
constants p* < 1 (like that for NTS phonons), are quickly narrowed with
increasing y2. Even at y? ~ 0.4, two-particle bands possess a simple regular
shape with the half-width substantially less than the exciton band width. The
exceptions to this rule occur only for some frequency change A ranges mainly
in the vicinity of A, corresponding to the one-particle band appearance. At y>
=1, in accordance with the general theory, two-particle bands become o-
shaped. It is very important that over a wide range of parameters the one-
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particle absorption exists only in one spectrum component; the absorption in
the other is totally two-particle.

The application of the theory to the K ,-transition in the naphthalene crystal
proved to be quite successful. At the value of A close to that obtained from the
vapour spectrum and at the value of y*> = 0.2, being in agreement with other
data, it has been possible to obtain a rather good description of the spectrum in
both components, and namely the correct position of one-particle 4,-bands
and both the correct position and the shape of two-particle 2,-band. The
spectrum of isotope impurity absorption in the K ,-transition region have also
been calculated. The calculation has revealed the existence of a series of bands
corresponding to the impurity-vibronic complex. The first two bands of the
series were found experimentally.

The application of the theory to compound vibronic transition including TS
and NTS phonons proved to be successful, as well. A number of the observed
bands were identified, although the assignment for some of them is not
unambiguous and further work is to be done.

When performing the calculations followed by the analysis of experimental
data, the tendency is clearly revealed for all-increasing predominance of the
one-particle absorption in the region of compound (two- and more-phonon)
transitions. This is due to the all-increasing value of binding energy of
completely joint configurations. From this it follows that in the regions of
many-phonon vibronic transitions, the crystal absorption spectrum becomes
more like the molecular one even though in the region of one-phonon vibronic
transitions these both spectra are substantially different.

We consider the success in interpretation of intrinsic and impurity vibronic
spectra as quantitative corroboration of the dynamical theory of vibronic
spectra forming the basis of our calculations.
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