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We have performed polarized absorption and resonance Raman experiments on a permanganate ion

doped in a potassium perchlorate single crystal at temperature T =15 K. At this low temperature the

m(C, ) site splitting of the excited degenerate T2 electronic level of the permanganate ion is well

resolved and the amount of splitting is about 40 cm . Due to the electronic configuration, one would

expect that non-Condon terms have to be considered in the description of the absorption spectrum. For
the theoretical simulation of our experimental results we have used expressions derived from the time-

correlator formulation for the optical absorption. These are much easier to handle and they cause

significant shorter calculation times than the usual sum-over-states expressions. In order to determine

the symmetries and the wave-number positions of the site-split permanganate vibrations, we have per-

formed resonance Raman experiments. The results obtained from these experiments form the basis for
the interpretation of the absorption spectrum. The applied model includes the linear and quadratic
electron-phonon and linear non-Condon coupling. Within this model we describe the multimode system

and we show how a normal vibration, which apparently has no significant eftects in the absorption spec-

trum, influences the discussion of the model system. For the fully symmetric breathing mode of the per-

manganate ion, we have calculated the change of the Mn-O equilibrium bond length in the electronic ex-

cited state from the corresponding linear electron-phonon coupling constant to be 4.6+0.4 pm.

I. INTRODUCTIQN

The permanganate ion can be regarded as a model sys-
tem with respect to its vibronic structure because its
low-temperature absorption and resonance Raman spec-
tra allow one to derive detailed information concerning
this structure. In the present paper we show how to cal-
culate the polarized absorption spectrum by making use
of resonance Raman data. The model applied is based on
the time-correlator formulation for the optical absorption
developed by Page and co-workers. ' These authors
have derived nonperturbative and numerically tractable
results, which are applicable for a wide class of systems
including electron-phonon interaction and non-Condon
coupling.

Within this model the electron-phonon interaction
arises from the change of the arbitrary harmonic vibra-
tional Hamiltonian under electronic excitation, whereby
the normal coordinates of the vibrational Hamiltonian in
the electronic ground state are the natural variables in
terms of which the model is parametrized. As the poten-
tial surfaces are allowed to be general harmonic, the
operator of the electron-phonon (e-ph) interaction can be
expressed in a power series up to the second order of the
rescaled normal coordinates. The coefficients of the
linear and quadratic terms de6ne the linear and quadratic
e-ph coupling coefficients. The non-Condon coupling
arises from the dependence of the atomic configuration of
the electronic transition dipole matrix element and in the
most general model this dependence is again expressed as
a power series up to the second order of the ground-state

rescaled normal coordinates. Corresponding to the e-ph
interaction linear and quadratic non-Condon coefficients
are defined by the coefficients of the power series. In our
discussion we include only linear non-Condon terms.

Combined with the time-correlator formulation of the
resonance Raman cross section, this theory gives a very
useful connection between resonance Raman excitation
profiles and the optical absorption spectrum, which is
known as the transform theory.

II. RESONANCE RAMAN SPECTRA

In order to derive a theoretical absorption spectrum of
the permanganate ion doped in potassium perchlorate,
we first performed Raman experiments to determine the
positions and the symmetries of the permanganate vibra-
tions as well as low-frequency lattice modes. These
modes will be needed later for the simulation of the ab-
sorption spectrum.

The mixed crystals were drawn from a nearly saturated
potassium perchlorate solution with 0.5 wt. % of potassi-
um permanganate. ' Both components are isomorphic
and have similar lattice constants; therefore, the per-
chlorate ions should be statistically substituted by the
corresponding permanganate ions. Owing to the low con-
centration, the permanganate ions were regarded as non-
self-interacting impurity centers. The symmetry of the
free ions is changed to the site symmetry m (C, ) when the
permanganate ions are incorporated in the host lattice.
The relevant correlation splitting is shown in Table I. All
irreducible representations of the site group and the fac-
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TABLE I. Site group splitting of the free Mn04 ion. Addi-
tionally the factor group correlation is listed for the four C104
ions in the unit cell.

Mn04 ion
Free ion Site group
43m{ Td ) m{C, )

C104 ions
Factor group
mmm {D2I, )

{v3,v4) T2

A'
A'
A"
2A'
A II

g 2g 1 u 3u

Ag +B2g +B1 u +B3u

2{Ag B2g B lu B3u )

tor group are one dimensional and therefore the degen-
eration of all vibrations is removed. The mixed crystals
used in our experiments' have been of small size only.
Because of that, it was not possible to prepare special
crystal surfaces and hence we could perform only two
different polarization measurements. In the first experi-
ment we choose the E vector parallel to the x axis, indi-
cated by an index x, and in a second one we have used a
polarization with components along the y and z axis,
which is indicated by an index s. Figure 1 shows the Ra-
man spectrum around the region of the breathing mode
of the permanganate ion at 850.8 cm ' as well as around
the corresponding nonresonant perchlorate internal vi-
bration at a wave-number position of 944.8 cm '. The
latter band can be used as an internal standard for reso-
nance Raman or resonance coherent anti-Stokes Raman
spectroscopy (CARS) experiments. ' "

In the lower spectrum of Fig. I (indicated by ~u, ~ )

one can recognize the site splitted v3 permanganate vibra-
tion around 915 to 945 cm '. In the latter polarization
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FIG. 1. Polarized resonance Raman spectra of KC104
single-crystal doped with MnO4 ions at T = 15 K. To show
more details, the intensity of the ~a„, ~

spectrum was multiplied
by a factor of 3. Excitation wavelength AD=514. 5 nm {19435
cm ').

spectrum both the A' and the A" modes are symmetry
allowed (see Table II). Therefore, we cannot derive any
more information on the symmetry of the corresponding
normal vibrations from this spectrum. The site splitted
v4 and vz permanganate vibrations appear in the Raman
spectra as fundamental, overtone, and combination
bands. They are shown in more detail in Fig. 2. The
wave-number positions of the fundamental vibrations can
be directly extracted from ~a„~, ~a„, ~, and the ~a»~
spectra. For the split v4 and vz modes we obtain wave
number values of 393.4, 396.0, and 406.4 cm ' and 354.2
and 360.3 cm ', respectively. By making use of these
values we have calculated combination and overtone
bands of these fundamentals and we have listed them in
Table III. The actual symmetry of the fundamentals is
derived by a more detailed inspection of the selection
rules, which follows next.

The Raman cross section' o z is proportional to
e,a"+e;, where e, and e; are the unit vectors of the polar-
ization of the scattered and incident light, respectively.
According to the applied scattering geometry' the selec-
tion rules for the linear Raman process as listed in Table
II are valid. Thus, the Raman lines recorded in the
~a ~ spectrum are of A' symmetry. The Raman line at
396.0 cm ' has therefore A' symmetry. Since all vibra-
tions are nondegenerate the symmetry discussion for
combination and overtone vibrations is straightforward. '

In principle, the symmetry of combination of fundamen-
tal vibrations is given by the direct product of the repre-
sentations of the fundamental vibrations. As an example,
the combination of one A' and one A" normal vibration
has A " symmetry. The even overtone levels
(uk =2,4, . . . ; with uk being the quantum number of the
kth normal mode) of nondegenerate normal vibrations
belong to the totally symmetric representation A'. Using
these results the symmetry of the fundamentals can easily
be determined. The result of the classification of the site
splitted v4 and v2 vibrations is listed in Table IV.

As has been reported in Ref. 14 the vibrational struc-
ture of the absorption spectrum contains an additional
low-frequency lattice mode. To confirm this observation,
we have recorded Raman spectra of the mixed as well as
of the host crystal. They are displayed in Fig. 3. Com-
paring spectra 3(a) and 3(b) and 3(c) and 3(d), respective-
ly, one can distinguish between nonlocalized Raman
lines' of the pure host lattice and the localized ones due
to six external degrees of freedom corresponding to the
site split translational (T2~2A'+ A") and rotational
(T, —+ A'+2A") motions of the impurity in its surround-
ing cage. These additional permanganate Raman lines
are marked with an asterisk in spectra 3(b) and 3(d)
displayed in Fig. 3. Since the Raman lines' of the pure
host lattice show no significant difference when compared
with the Raman lines of the host lattice in the mixed
crystals, the breakdown of the translatory symmetry
caused by the impurity ions is therefore neglected in our
discussion of the Raman spectra. We have confirmed
these results by additional Raman spectra which are not
reproduced in the present paper.

The correct determination of the internal vibrational
frequencies and the symmetries of the permanganate vi-
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TABLE II. Selection rules for the difFerent kinds of the scattering geometries. e; unit vector of the
polarization of the incident light, e, unit vector of the polarization of the scattered light. Used abbrevi-

ations: sg =site group and fg =factor group.

(1,0,0)
(1„0,0)
(O, a, b)

(1,0,0)
(o,a, b)
(O, a, b)

Tensor components

xx ( ia„, i')
xz, xy ( ~ ~a„, ~

~)

yy, zz, zy, yz ( ~ )a„~')

Irred. rep.„ Irred. Rep. fg

Ag

g, B3

brations as well as of the lattice modes in the electronic
ground state of the system is necessary for a theoretical
simulation of the absorption spectrum, which is given
next.

III. THEORY FOR SIMULATION OF
THE ABSORPTION SPECTRUM

In the basic model the electronic states are localized
and a full adiabatic Born-Oppenheimer basis (n ~(nu! is
used, where n and U denote the electronic and vibrational
quantum numbers, respectively. For a muliimode system
U describes the whole set of vibrational quantum num-
bers. Under these assumptions the e-ph interaction,
which is considered up to the second order, is based on
the different potential surfaces in respect to the electronic
excited and ground state. The linear e-ph interaction de-
scribes displaced oscillators and the quadratic terms in-
clude general mode mixing, frequency shifts, and addi-
tional equilibrium shifts due to electronic excitation. The
potential surfaces are therefore arbitrary harmonic sur-
faces, but we neglect in our discussion the Duschinsky ro-
tation, which describes mode mixing effects.

Non-Condon terms are regarded up to the first order.
The usual assumption made in time-dependent theories of
a constant linewidth also is assumed here to account for
the lifetime for each of the vibrational levels in the elec-
tronic states. As we have performed all our experiments
at about T=15 K we use the T=O K approximation,
which, however, is not a necessary condition for the
theory.

The time-correlator formulation for the optical absorp-

1.'00

tion aj.(coL ) in the dipole approximation at frequency coL

and light polarization j with lifetime broadening y, for
the electronic excited level e and Lorentzian line shape is
given by

a (coL ) =g a, (coL ),

where

a, (coL ) =BR' '(MJ's(0)) coL

X Re f dt exp[it(cot +i y, ) ]q, (t) . .
0

M's(0) is the electronic dipole transition moment for j
polarization from the ground level (g) at an electronic ex-
cited level (e) for the atomic equilibrium configuration
(0) of the ground state, rt, (t) is the absorption correlator
for the electronic excited level, and 8 is a frequency in-
dependent constant. Using the expressions given in Ref.
9 one can easily derive the T =0 K approximation for the
absorption correlator, which depends on the following:
co, the effective electronic 0-0 transition frequency, cog f
the ground (g) state frequency of the normal mode
f, co, f the excited (e) state frequency of the normal
mode f (frequency shifted oscillators), g, f the dimension-
less linear e-ph coupling constant (displaced oscillators),
and m Jf the linear non-Condon coupling constant (vib-
ronic coupling).

IV. RESULTS AND DISCUSSION

In Fig. 4 we show the polarized (E!!z)low-temperature
absorption spectrum. The two symmetry allowed elec-

v, (MnO, )
850.8 715. 1

72O, 6 708. ~

V2 (CIO, )
4-64 9 V~ V2 (tvir)O )2 4

396. 0 360. 3

TABLE III. Observed and calculated overtone and combina-
tion bands in the Raman spectra of the Mn04 ion doped in a
KC104 crystal at low temperature. Values are given in cm
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FIG. 2. Polarized resonance Raman spectra of a KC104
single-crystal doped with Mn04 ions at T =15 K between 200
and 900 cm '. A,o=514.5 nm.

Observed

812.3
801.8
792.3
786.2
766.5
760.5
750.2
747.2
720.6
715.1
708.4

Calculated

2 x 406.4= 812.8
406.4+ 396.0= 802.4

2 X 396.0=792.0
2 X 393.4= 786.8

406.4+ 360.3=766.7
406.4+ 354.2 =760.6
396.0+354.2 =750.2
393.4+ 354.2 =747.6

2 X 360.3 =720.6
360.3+354.2 =714.5

2x 354.2=708.4

DiIIFerence

—0.5
—0.6
+0.3
—0.6
—0.2
—0.1

+0.0
—0.4
+0.0
+0.6
+0.0
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TABLE IV. S mmetr
s lit v

y try and wave number positions of th t
p

'
2 and v4MnQ4 internal vibrations.

tr esi e

Wave number position: 406.4 396 0 393..4 360.3 354.2
Site symmetry:

Free ion: V4 V2
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tronic 0-0 transitions, A '( 1 )~2 ' with 18 049
with 18081 cm ', are partially resolved in

the absorption spectrum as indicated. According to the
model presented above we have to deal with a maximum
o our parameters in order to describe a single vibronic

e vi rational groundtransition. These parameters are th 'b '
l

requency cu f, the excited vibrational frequenc co

the dimensisionless linear e-ph coupling constant ~~ d
ncy co~ f ~

the non-
an y~ f, ail

e non-Condon coupling constant m, f. In the follow-

symmetry arguments and of experimental results. The
e ectronic ground state is fully symmetric (A') and in the
polarization measurement with E!~x we can detect the 3 '

components of the site split 'Tz level (see Fig. 4). Transi-
tions to the 3" level at 18043 cm ' ld b
a owe in this polarization in combination with an addi-
tional A" honon"

p on. However, this is not confirmed by the
~ ~

absorption spectrum.
To describe the vibronic structure of the absorption

tions into consideration whose potential can have an

equilibrium shift in the electronic excited state as com-
pared to the ground state. Instead, the nontotally sym-
metric modes would break the symmetry in the electronic

~ ~

manganate ion in two diferent electronic excited levels

within th
can e taken rom the absorption spectrum. W fi d h

in the accuracy of the measurement this value does
not di6'er for the two electronic excited levels, which both
have closely lying vibronic progressions which are re-
sponsible for the main structure.

A second significant structure in the low-tern erature
absor tion (Fi . 4p ion ig. ) is caused by an additional internal vi-
bration of the epermanganate ton (progression made up of

this band at a
t e lower intense absorption bands). Th fe requency for

is an at about 300 cm ' is independent of th t
ctronic excited states similarly as for the v, mode.

However, we are not certain which of th de groun -state
requencies is involved in the absorption. The R

s ectra r
with 2' symmetry which all have similar frequencies in
the electronic ground state. There are two modes of A'
symmetry resulting from the site split threefold degen-
erate v4 normal mode of the free ion and one mode of 3 '

mode. The frequency ratio of the mode in the ground
state and the one in the excited state (co /

e rst set about 1.33 and for the second 'b'l

about 1.17. T
con possi i ity

ou . . The iatter value is more reasonable. A final
ecision can only be made if the excited state frequencies

are measured directly, e.g., by coherent anti-Stokes Ra-
man spectroscopy. This could be performed using a
preceding laser pulse to bring the permanganate ion into
the excited electronic state and by a succeeding CARS
experiment to localize the vibrational levels.

In the first model, to describe the low-temperature x-
polarized absorption spectrum of th e permanganate ion,
we use the 3' ground-state vibrations at co &=850.8
cm ' and m =354.2 cm, and the two A' electronic

COg )

excited levels at 18049 and 18081 '. Wcm . e also make
use of the Condon approximation. With these values we
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FIG. 3. Lo~ . Low-frequency Raman spectra of a KC104 single-
crystal, spectrum (a) and (c) at T=15 K d h
spectra, (b) and (d), of a KC1O4 single crystal doped with
Mn 4 ions. The sign in spectrum (b) and (d) indicates non-
localized Raman line s, whereby this sign denotes normal vibra-~ ~

tions with 2' s mmetry try of the MnO4 ion in spectrum (b) ac-
cording to Table II. A,O=514. 5 nrn.
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FICx. 4. Poolarized absorption spectrum at T=15 K. Also,
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calculate the optical absorption a as a function of the
frequency col according to Eqs. (1) and (2). A damping
constant of y, =yz ~&~=y&.~2~=21 cm ' has been used
for this purpose. The result is given in spectrum (a) of
Fig. 5, together with the experimental spectrum (b) for
comparison. Higher values for y, would cause too broad
bands with loss of the vibronic structure caused by the
site split 'T2 level of the permanganate ion. As can be
seen, the intensity distribution of the two progressions as
well as the steep shapes of the bands of the A '-v, progres-
sion on the low-frequency side of each band are fairly
well reproduced. However we note a high discrepancy as
far as the band shape on the high-frequency side of each
band is concerned. All bands show in fact a remarkable
asymmetry.

In the next step, we have tried to correct this asym-
metry by inclusion of low-frequency vibrations, i.e., local-
ized modes of the permanganate ion, with 2 ' symmetry
and A phonons of the host lattice which are symmetry
allowed. As they are fully symmetric they can have an
equilibrium shift without destroying the local symmetry
of the impurity centers under electronic excitation.
These modes are shown above in the ~a„~ spectra [see
Figs. 3(a) and 3(b)]. In order not to increase the number
of parameters needed for a theoretical simulation of the
absorption spectrum, several additional assumptions were
made: the frequency shifts of the low-frequency modes in
the electronic excited levels were neglected and the non-
Condon coupling was only allowed for the A'-v& and
3 '-v2 modes of the permanganate ions.

10

m
C
(D

U 5

a
O

Q
0

I & I

18000 19000 20000 21000 22000 23000 24000

abao 1 u t. e wave number (cm

FIG. 5. (a) Calculated low-temperature absorption spectrum
of the permanganate ion using a simple two vibrational mode
Mn04 model. (b) Experimentally observed spectrum for com-
parison. For further details see text. (c) Calculated low-
temperature absorption spectrum using an improved model
where additional low-frequency modes were included. See
Table V for parameters. All spectra were plotted with an offset.

The result of the best fit as compared to the experiment
is displayed in Fig. 5, spectrum (c). A much better agree-
ment with the experiment has been achieved now; partic-
ularly, the asymmetries of the absorption bands are well
reproduced. The model parameters used for this simula-
tion are given in Table V. We found that the non-
Condon terms do not contribute appreciably. For the nu-
merical calculation we used a program which allows to
vary an arbitrary set of parameters, i.e., the number of
modes and different combinations of normal mode pa-
rameters. We finally optimize the chosen parameter set
by a least square fit. The time-correlator formulation for
the optical absorption is very advantageous for the calcu-
lation of the absorption spectrum because of very low
computational time. As an example, we need only one
minute of computational time on a PC 80486 to calculate
the complete spectrum with inclusion of nine vibrational
modes and two electronic excited states and with a reso-
lution of 2.5 cm ' by using fast Fourier transformation
according to Eqs. (1) and (2). The parameters which were
optimized during the simulation procedure were the nine
dimensionless linear e-ph coupling constants g, f, which
were assumed to be independent on the electronic excited
levels and the four non-Condon coupling constants I, f
for the two internal modes of the permanganate ion. Al-
together we have used the 9+4 already mentioned pa-
rameters plus the ratio of the two electronic dipole transi-
tion moments M '" /M ' '~ as an additional parame-
ter, for this nine-mode two-electronic excited level sys-
tem. The calculated spectrum has been normalized to the
0-0 transitions which makes an additional scaling factor
during the fit procedure unnecessary.

We like to state that the observed symmetry allowed
modes in the ~a

~

Raman spectra [3(a) and 3(b)] as
displayed in Fig. 3 may not be complete and that strictly
speaking the k =0 selection rule is no more valid for im-
purity centers. For example, phonons of the continuum
of the acoustical branch may also contribute to the ab-
sorption spectrum. However, we found that the chosen
set of low-frequency Raman modes is sufficient to explain
the asymmetry of the bands in the absorption spectrum.
The model parameters for the internal vibrations of the
permanganate ion (high-frequency modes) are nearly con-
stant when using different low-frequency modes. A re-
striction to only one low-frequency mode as it was done
in Ref. 14 is a too crude approximation. A significant
larger damping constant y, would have to be used then
for the simulation with the consequence of nontolerable
disagreement with the observed absorption spectrum.

The inAuence of eventual inhomogeneous line broaden-
ing seems to be negligible. If there are any inhomogene-
ous line broadening effects present in the electronic excit-
ed states, e.g. , due to different sites of the molecules one
has to calculate the convolution integral of the distribu-
tion function with the pure absorption spectrum in the
frequency domain. This can easily be done by using the
convolution theorem when calculating the absorption
spectrum according to Eqs. (1) and (2) in the time
domain. ' ' Consideration of a Cxaussian broadening in
the simulation of the absorption spectrum of the perman-
ganate ion has not improved the agreement with the ex-
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TABLE V. Parameters for the simulation of the absorption spectrum of the permanganate ion. The
model parameters were obtained from the experiments and the fit parameters were optimized during
the numerical simulation of the absorption spectrum. For the simulation we used two Mn04 internal
vibrations and additional seven low-frequency modes with two electronic excited levels. The frequen-
cies of the modes are given in cm

Model parameters Mn04 modes Low-frequency modes

Ngf
~A'(1),f ~A'(2), f

850.8
767.0

354.2
300.0

62.2
62.2

73.3
73.3

92.8
92.8

121.0
121.0

127.9
127.9

143.5
143.5

155.0
155.0

Fit parameters Mn04 modes Low-frequency modes

kA'(1), f kA'(2), f
X — Xm A (1) f =mA~(2) f

1.07
0.00

0.37
0.00

0.44 0.46 0.19 0.13 0.25
Not taken into account

0.20 0.32

Ratio of the two electronic dipole transition moments (M '" /M ' ' )=1.2

perimental spectrum. In case of a Lorentzian distribu-
tion function the convolution integral in the frequency
domain yields to an expression where the homogeneous
linewidth is substituted by only the sum of the homogene-
ous and the inhomogeneous contribution. ' Without
making any special assumptions the absorption spectrum
is therefore not sensitive to a Lorentzian distribution
function, but as it was shown in Ref. 18 the resonance
Raman profile is influenced by an inhomogeneous
Lorentzian distribution function. Resonance Raman
profiles are therefore sensitive to this kind of line
broadening. Khodadoost et al. ' have discussed the 2 '-

v& Raman excitation profile of the permanganate ion
doped in potassium perchlorate by using the transform
theory. Their results are consistent with our simulation.
They found that the inhomogeneous broadening does not
significantly inAuence the excitation profile of the A '-v,
mode and its first two overtones.

So far we have restricted our discussion only to normal
modes of the permanganate ion which have a significant
inAuence in the absorption spectrum. Next we show the
inhuence of other modes. As an example, we chose the
site split v3 vibration of the permanganate ion. This de-
generate vibration splits into 2 3 '+ 1 3" components due
to m (C, ) site symmetry. In principle, both A ' modes are
allowed by symmetry to appear in the absorption spec-
trum, but we restrict our discussion here to only one
mode and we suppose that its frequency in the electronic
ground state is about ~g 3 920 cm '. The exact value of
this frequency is not of importance in contrast to co, 3, the
frequency in the electronic excited states, which we again
suppose to be independent of the two electronic excited
levels [2'(I) and 2'(2)]. A frequency ratio (cosf/co, f)
of about 1.2 seems to be a realistic value, which results in
s 3 to be 770 cm '. If the dimensionless linear e-ph cou-
pling constant g, 3 of this mode is unequal to zero, this
mode can show a progression. Note, however, that this
progression coincides in frequency with the progression
of the 2 '-v, mode and contributes apparently to the ob-
served intensity of the 2'-v& progression. To verify this
effect we refer to Fig. 6. Spectrum (a) of this figure again
shows the best fit as given above in Fig. 5, spectrum (c),
where we have used the 3'-v, and the A'-v2 perman-
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FICx. 6. Simulations of the low-temperature absorption spec-
trum of the permanganate ion in a KC104 single crystal. (a)
Same as spectrum (c) in Fig. 5. (b) Difference spectrum of a
spectrum with inclusion of an additional A -v3 mode with the
following parameters: cog 3 920 cm ', co, 3

=770 cm
3 0.27, and spectrum (a). (c) Same as (b) except for inclusion

of a non-Condon coupling of the A '-v1 mode with
m, , = —0.058. Curves (a) and (b) were plotted by using an
o6'set.

ganate vibrations and the low-frequency modes for the
calculation of the absorption spectrum. In the next step
we calculate the absorption spectrum by using the A '-v&,

3'-v2 and additionally the A'-v3 permanganate modes,
whereby we used the parameter set of spectrum (a) and
for the additional 3'-v3 mode the following parameters:
co 3=920 cm ', co, 3=770 cm ', and $, 3=0.27. Instead
of showing the resulting calculated absorption spectrum,
we display in Fig. 6(b) directly its difference to the spec-
trum displayed in Fig. 6(a). Note that we have normal-
ized all spectra for each single simulation to the 0-0 elec-
tronic transitions. Curve 6(b) therefore gives the men-
tioned apparent intensity increase for the 3 '-v& progres-
sion. In the last step of our model consideration we start
from the calculated absorption spectrum which includes
the 2 '-v3 mode and allow the value of the non-Condon
coupling of the 3'-v& mode to be unequal to zero. For
the selected values of m~ ~, ~, =m~ ~2~, =m,

&= —0.058 we have again generated the di6'erence to spec-
trum (a). The result is shown as spectrum (c) in Fig. 6,
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which for the displayed frequency range is nearly close to
zero. Hence, we have found two parameter sets which
produce nearly identical simulated spectra.

The question remains if there are any non-Condon
effects in our system. The answer cannot be given direct-
ly via the simulation of the absorption spectrum. There-
fore, we need a method which is mode selective, as is the
transform theory. Experimentally, we can derive the in™
formation needed by measuring the excitation profile of
the mode of interest.

We will now estimate how accurate the parameters of
the high-frequency modes can be derived by comparing
the different parameter sets needed for the description of
the absorption spectrum. As an example, we discuss the
case where the 3 '-v3 mode is taken into account within
the Condon model. To achieve agreement with the ex-
periment we vary the dimensionless linear e-ph constant
g', , and the 3'-v, mode. Within this procedure and by
using different parameters we can estimate the relative er-
ror of the model parameter and achieve g, ,

= 1.07+0.08.
It is therefore reasonable to discuss the physical
significance in more detail for this selected parameter.

According to Refs. 17 and 19 the relation of the dimen-
sionless linear e-ph coupling constant and the usual
Franck-Condon factors in the absence of non-Condon
coupling is given by the following expression:

f(~ f +~g f ) (elf lg0q
&l'

4~,'~ ~(eof ~gOf )

whereby the additional index f indicates that (nu&~ de-
scribes a single oscillator function of mode f in the elec-
tronic level n.

Using the recurrence relations of Manneback one can
serve

4
CO

7 COg y

where AQ, & is the change of the equilibrium position of
the normal coordinate in the electronic excited state rela-
tive to the ground state. ' The v, normal mode of the
free permanganate ion (Td symmetry) consists of purely
Mn-0 stretching. The symmetry coordinate is then only
proportional to the change in the bond length. Accord-
ing to Ref. 23 the change in the normal coordinate is
given by b,g =Vpb, S, whereby p, is the mass of the oxy-
gen atom and AS the change of the symmetry coordinate,
which is related to the change in the bond length by
AS =2AM„O. If one neglects the distortion in the
geometry of the tetrahedral permanganate ion in the host
lattice, one can use the given formulas to calculate the
change in the equilibrium bond length. For the A'-v,
mode one obtains under these assumptions a value of
4.6+0.4 pm, whereby the error is approximated using
limiting values of the dimensionless linear e-ph constant
resulting from the calculation of the absorption spec-
trum. This value is in agreement with results reported by
Clark and co-workers ' which were derived from the
resonance Raman excitation profile of the 3'-v& vibra-

tion. In the work reported, the experiments have been
performed at room temperature and the theoretical
description was such that only the 2 '-v& mode was con-
sidered.

The equilibrium bond change mentioned above is rela-
tively small compared to the Mn-0 average bond length
of 162.9+0.8 pm obtained from x-ray experiments. In
this work the experiments were done at T =77 K on pure
potassium permanganate which is isomorph to potassium
perchlorate with similar lattice constants. ' The dis-
tortion of the permanganate tetrahedron due to the m-
site symmetry lies within the error limit of the experi-
ments. The theoretical description of the absorption
spectrum with a common set of model parameters for the
two electronic excited states results in a reasonable agree-
ment between experiment and theory. As we have
shown, the inhuence of non-Condon effects is not
definitely due to the appearance of nonsignificant modes.
The agreement between the experiment and theory for
the spectral range between about 18 000 and 21 000 cm
is quite good. However, for higher wave numbers
(v) 21000 cm ') the values of the calculated optical
density are smaller than detected experimentally. This is
probably due to the fact that higher-order corrections,
e.g. , cubic e-ph coupling, which are not included in the
theoretical model, become more and more important for
higher wave numbers.

V. SUMMARY AND CGNCI. USION

Within the time-correlator formulation of the optical
absorption we have described the low-temperature ab-
sorption spectrum of the permanganate ion doped in a
potassium host crystal by using two internal perman-
ganate vibrations and two electric excited levels. The
linewidth was taken from the absorption spectrum under
the condition that the electronic structure is resolvable.
The asymmetry of the observed absorption bands could
be described when additional low-frequency modes, ex-
tracted from the Raman spectra, were included in the
simulation. We further discussed the simulated spectrum
with inclusion of an additional A -v3 permanganate vi-
bration. We showed that several sets of parameters yield
to nearly the same simulated absorption spectrum, leav-
ing the question opened if non-Condon effects have to be
considered for the calculation of the absorption spec-
trum.

Model parameters of significant modes, for example,
the dimensionless linear e-ph constant of the A '-v& mode,
have been discussed in regard to their physical
significance. For this parameter we have calculated the
change in the Mn-0 equilibrium bond length. The calcu-
lation of the absorption spectrum yields to the important
result that the model parameters of the relevant normal
modes are equal for both electronic excited levels. There-
fore, it is not necessary to deconvolute the absorption
spectrum when the transform theory is used for the
description of the excited profile. Here, likewise in the
presence of only one electronic excited state, the trans-
form theory can be directly applied. Work on this regard
is in progress, particularly to simulate observed CARS-
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excitation profile for the 3 '-v& permanganate vibration. '

In the case of no mode-mixing effects, the transform
theory is mode selective. This is a big advantage, because
it is then possible to derive more definite information on
the inhuence of the non-Condon effect caused by the 3 '-

v, permanganate mode. The results of this discussion are
given elsewhere.
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