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Clear resonance enhancement curves of several Raman modes associated with the photoinduced de-
fect states of the quasi-one-dimensional mixed-valence complex [Pt(en),][Pt(en),Cl,](ClO,), were ob-
served in the wide energy region covering the photoinduced absorption bands. They are classified into
two groups with different resonant energies. This separation of the resonant energies indicates very
strongly the photoinduced defect states of this material being polarons rather than neutral solitons and
the asymmetry between the hole and the electron polarons.

Since the pioneering work on polyacetylene,! nonlinear
excitations (neutral and charged solitons, polarons, and
bipolarons) associated with the lattice instability in one-
dimensional (1D) half-filled electron systems have been
attracting much attention in recent years. Halogen
bridged metal complexes (the MX chain complexes),
which  comprise  linear  chains  (-M2?T-X"-
M XT M _Xx"-M**-Xx"-) (M=Pt,PdNi and
X =CL,Br,I), are the best materials to study such non-
linear excitations for the following reasons. First, these
materials are the 1D systems not only in the crystal struc-
ture but also in the electronic conﬁguration,2~4 Second,
the good quality samples are obtained in comparison with
the 1D organic compounds such as polyacetylene. Third,
the ground state of the MX chain complexes has a two-
fold degeneracy, which allows the solitonlike excitations,
and is characterized as a 1D charge density wave (CDW)
state arising from a charge disproportion on the M sub-
lattice sites accompanied with substantial distortion of
the X sublattice. Finally, the physical parameters such as
the displacement of the bridging halogen and the dimen-
sionality of the CDW can be easily controlled by chang-
ing the M and the X atoms, the legend molecule, and the
counteranion surrounding them.>®

[Pt(en),][Pt(en),CLICIO,), (where ~en  denotes
ethylenediamine), hereafter referred to as Pt-Cl, is one of
the typical MX chain complexes, which clearly shows the
photoinduced absorption bands due to the nonlinear exci-
tations in the intragap region below the intervalence
charge-transfer (CT) absorption band.” The intensity of
the electron spin resonance increases in the same rate as
that of the photoinduced absorption bands by the light ir-
radiation.® ! Therefore the origin of the photoinduced
defect state in Pt-Cl is considered to be the neutral soli-
tons or the polarons. However, it is still controversial
that either the neutral soliton or the polaron is the
relevant defect states, in spite of the large amount of the
experimental and theoretical studies about the photo-
induced defect states of Pt-CL."~!7
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Donohoe and co-workers found several Raman modes
associated with the photoinduced defect states in Pt-Cl
and pointed out that the origin of these modes is due to
the hole and the electron polarons.'®!® However, they
did not obtain the resonance enhancement curves of these
Raman modes, which are crucial to the identification of
the origin. In this paper, we report the clear resonance
enhancement curves of the Raman modes in the wide en-
ergy region covering the photoinduced absorption bands
(A and B bands) in Pt-Cl, which follows our recent pre-
liminary report.?’ The origin of these modes is attributed
to the hole and the electron polarons by comparing the
observed results with the calculation of the two-band
theory.2-2?

The single crystal of Pt-Cl were synthesized by the pro-
cedure previously described.* The samples were mounted
on a copper block and kept at 16 K in a temperature-
controlled cryostat. The photolysis of the samples was
performed for 150 min by the 365-nm line from a mercu-
ry lamp with a power of 1 mW/cm?. The photoinduced
defects were efficiently produced inside the Pt-Cl crystals
by the photolysis since the quantum efficiency of the gen-
eration of the photoinduced defects is large for the excita-
tion by the uv light.’

The light source of the resonance Raman spectro-
scopy was provided by a Ti:sapphire laser, DCM
(4-dicyanomethylene-2-methyl-6-P-dimethylaminostyryl-
4H-pyran) and rhodamine 6G dye lasers pumped by an
Ar-ion laser, and a He-Ne laser. The excitation photon
energy was varied from 1.44 to 2.20 eV, corresponding to
the whole energy region of the 4 and the B bands. The
incident light impinged near normally upon the sample’s
surface and the scattered light was measured in the
backward-scattering configuration. The scattered light
was analyzed by a triple monochromator and a charge
coupled device detector cooled by liquid nitrogen. The
polarization of the incident and scattered light was paral-
lel to the b axis of the sample (E||b).

Figure 1 shows the resonance Raman spectra of Pt-Cl
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FIG. 1. Resonance Raman spectra of Pt-Cl with different in-
cident photon energies in the 4 and the B band regions after the
photolysis.

with different incident photon energies in the 4 and the
B band regions. Below the symmetric stretching mode v,
(~308 cm™!) of Pt-Cl, we found six Raman lines (as
shown by open and closed circles) for all of the incident
photon energies and one additional Raman line (264.1
cm™!) for those of the B band region. The six Raman
lines were obtained from the deconvolution of the spec-
tral structures between 270 and 300 cm ™! as mentioned
below. As seen in Fig. 1, the intensity ratios between the
higher-frequency modes (open circles) and the lower-
frequency modes (closed circles) depend on the incident
photon energy, strongly implying that the resonant ener-
gy of the higher-frequency modes is different from that of
the lower ones.

Figure 2 shows the observed resonance Raman spec-
trum and the analytical ones obtained from the deconvo-
lution procedure for the incident photon energy 1.64 eV.
The observed Raman spectrum was deconvoluted into six
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FIG. 2. Typical observed resonance Raman spectrum (solid
curve), the six Raman components obtained from the deconvo-
lution of the observed Raman spectrum (broken curves), and the
spectrum given by the superposition of the six Raman com-
ponents (dotted curve).
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Gaussian components by the method of a least-squares
fit. The broken curves show the six Raman components
obtained from the deconvolution. The dotted curve indi-
cates the superposition of the six components and is in
quite good agreement with the observed Raman spectrum
between 270 and 300 cm™!. The peak position and the
half-width of the six Raman components are listed in
Table I. The analytical errors of the peak position and
the half-width are also indicated in parentheses. The
half-width of the 281.6-, 284.3-, and 286.9-cm ! lines is
about 3.0 cm ™!, being equivalent to that of the experi-
mental spectral resolution. On the other hand, the half
width of the 278.0-, 289.9-, 293.9-, and 264.1- cm ™! lines
is about 4—-6 cm ™!, implying complexities of these lines.
However, since the peak position and the half-width of
these six lines do not change with the incident photon en-
ergy and the additional Raman modes were not observed
between 270 and 300 cm ™!, we assume that the spectral
structure between 270 and 300 cm ™! consists of the six
Raman modes.

The absorption coefficient of the incident light becomes
quite large after the photolysis,”?° implying that the
penetration depth of the incident light is within the thick-
ness in which the photoinduced defects exist. On the oth-
er hand, the absorption coefficient and the reflectivity of
the scattered light are nearly constant in the energy re-
gion considered, since the photoinduced absorption and
the reflectance spectra are very broad in Pt-Cl. Thus the
corrected intensity due to the penetration depth of the in-
cident light and the reabsorption of the scattered light for
the 270-300-cm ! Raman lines can be obtained by nor-
malizing the intensity of these Raman lines by that of the
v; mode. The corrected Raman cross section of the
270-300-cm~! modes o,4(E) is given by {I,(E)/
I,(E)}o,(E), where I;(E) and I (E) denote the observed
Raman intensities of the 270~300-cm ™! modes and the v,
mode, respectively, and o (E) denotes the Raman cross
section of the v, mode.?

The Raman cross section o 4(E) of the 270-300-cm ™!
modes as a function of incident photon energy is shown
in Figs. 3(a) and 3(b) in a logarithmic scale. The typical
photoinduced absorption bands of Pt-Cl is also shown on
a linear scale. The analytical error for the intensity of the
Raman cross section, coming from the deconvolution
procedure, is within the marks shown by the circles and
triangles. The higher-frequency Raman modes [Fig. 3(a)]
show a strong resonance enhancement at the lower-

TABLE 1. Peak position and half-width of the six Raman
components obtained from the deconvolution procedure.

Peak Half-width (cm™!)
position (cm™!)
278.0(£.0.2) 5.1(+£0.2)
281.6(£.0.3) 3.2(£.0.3)
284.3(+0.2) 3.0(£0.2)
286.9(£0.2) 2.7(£0.2)
289.9(+0.3) 4.1(£0.2)
293.9(+0.2) 5.4(+0.2)
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FIG. 3. Raman cross sections of the (a) higher- and (b)
lower-frequency Raman modes as a function of incident photon
energy in a logarithmic scale. Typical photoinduced absorption
bands (A4 and B bands) are also shown on a linear scale.

energy side of the 4 band (1.60 eV) and the peak energy
of the B band (1.97 eV). On the other hand, the lower-
frequency Raman modes [Fig. 3(b)] show a strong reso-
nance enhancement at the higher-energy side of the A4
band (1.72 eV), but no clear enhancement in the energy
region of the B band. The separation of the resonant en-
ergy in the A4 band region for the two classes of Raman
modes strongly indicates that the 270—300-cm ! Raman
modes are associated with two kinds of the photoinduced
defect states in Pt-Cl.

According to the three-quarter-filled two-band mod-
el,2'22 the asymmetry between the hole and the electron
polarons exists and the energy of the electronic states of
the hole polarons is a little higher (0.1-0.2 eV) than that
of the electron polarons in both the 4 and the B band re-
gions in Pt-Cl. The energies of the photoinduced absorp-
tion bands obtained from the absorption spectroscopy,
the resonance Raman energies obtained in this study, and
the theoretical calculation are listed in Table II. The rel-

TABLE II. Energies of the photoinduced absorption bands
(A and B bands), resonance Raman energies, and calculated en-
ergies of the polaronic states of Pt-Cl. Notations P~ and Pt
denote the electron and the hole polarons, respectively. The
unit of the energy is eV.

A band B band

Expt.
absorption measurement® 1.68(0.70) 1.98(0.83)
Raman measurement®

286.9-293.9 cm ™! 1.60(0.65) 1.97(0.83)

278.0-284.3 cm ™! 1.72(0.72)
Theory®
P~ 1.44(0.60) 2.06(0.86)
Pt 1.54(0.64) 2.26(0.94)
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2Reference 7.
“Present study.
°Reference 22.
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ative energies of the photoinduced absorption bands to
the energy of the CT absorption band are also presented
in parentheses.

A comparison of the results shown in Table II strongly
implies that the lower-frequency Raman modes and the
higher-frequency ones are associated with the hole and
the electron polarons, respectively, although the observed
resonant energies are a little higher than the calculated
ones. The observed resonant energy difference between
the lower- and the higher-frequency Raman modes is
about 0.1 eV in the A4 band region, coinciding well with
the energy difference between the hole and the electron
polaron states obtained from the theoretical calculation.

The peak energy of the 4 band (1.68 eV) is located be-
tween the observed resonant energy of the higher-
frequency Raman modes (1.60 eV) and that of the lower-
frequency modes (1.72 eV), implying that the 4 band
consists of the superposition of the photoinduced absorp-
tion bands due to the hole and the electron polarons. Be-
cause the hole and the electron polarons are equally pro-
duced in the MX chains by the photolysis, we would not
separately observe the two kinds of the photoinduced ab-
sorption bands in the usual absorption spectroscopy. On
the other hand, the resonance Raman spectroscopy we
performed is very sensitive to separately observe the
different defect states, thus being able to find the asym-
metry between the hole and the electron polarons.

According to Gammel et al., the calculated absorption
intensity of the electron polarons in the 4 and the B
bands and that of the hole polarons in the 4 band are
strong, while that of the hole polarons in the B band is
rather weak.?! Moreover, the resonant energy due to the
hole polarons in the B band region is just below the
strong absorption CT band. Thus a clear resonance
enhancement of the lower-frequency Raman modes due
to the hole polarons may not be observed in the B band
region, coinciding with our results shown in Fig. 3(b).

Bulou, Donohoe, and Swanson calculated the Raman
frequencies due to various kinds of the defect states in
Pt-Cl and found that the Raman frequency of the elec-
tron polarons (255-285 cm ') is softer than that of the
hole polarons (285-300 cm ~!).2* However, the calculated
Raman frequencies depend on the magnitude of the pa-
rameter K, /K, (K, and K, representing the Pt**-Cl and
Pt>*-Cl force constants and K, /K ; =0.3 in their calcula-
tion) and even the order of the frequency between the
hole and the electron polarons may be reversed if K, /K,
becomes smaller than 0.3. Therefore, our assertion that
the lower-frequency Raman modes correspond to the
hole polarons and that of the higher-frequency Raman
modes to the electron polarons might not contradict the
calculation.

According to Bulou, Donohoe, and Swanson’s calcula-
tion, many Raman active modes (more than six) associat-
ed with the electron polarons, a pair of the electron pola-
rons, and the hole polarons exist in the frequency region
between 260 and 300 cm . The half-width of the 278.0-,
289.9-, 293.9-, and 264.1-cm ™! Raman lines we observed
are broader than the experimental spectral resolution, im-
plying that these lines may consist of superposition of a
few Raman modes coming from the isotropic effect of the
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chlorine atoms.

The 264.1-cm ™! Raman mode is observed only in the
light excitation near the B band peak (where the resonant
energy of the electron polaron locates) as shown in Fig. 1
and the relative intensity of this mode to that of the v,
mode increases with the irradiation time of the uv light.?
Thus this mode must be also relevant to the electron po-
larons. Since the observed Raman intensity of the 264.1-
cm™! mode seems to be weaker than that of the other
modes and the reabsorption effect of the scattered light is
large because of the strong absorption of the 4 band re-
gion, this mode may not be observed in the A band re-
gion.

The optical absorption bands due to the neutral soli-
tons appear at 1.15 and 2.38 eV in Pt-Cl according to the
calculation of the two-band model.?> These energies are
quite different from the observed resonance Raman ener-
gies shown in Table II. Moreover, the separation of the
resonant energy between the higher- and the lower-
frequency modes in the 4 band region we observed is un-
likely to come from the only one midgap absorption band
(1.15 V) due to the neutral solitons.

In conclusion, we observed the clear resonance
enhancement curves of several Raman modes associated
with the photoinduced defect states in the wide energy re-
gion covering the 4 and the B bands in Pt-Cl. From the
resonant curves of these Raman modes, the origins of
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these modes are attributed to the hole and the electron
polarons rather than the neutral solitons by comparing
the observed results with the calculation of the two-band
theory. We also found that the energy of the hole pola-
ronic states are located at 1.72 eV for the 4 band and
those of the electron polaronic states lie at 1.60 and 1.97
eV for the A4 and the B band regions in Pt-Cl, respective-
ly. These results show that the resonance Raman spec-
troscopy for the photoinduced defect states is a more sen-
sitive method than the usual absorption spectroscopy in
order to elucidate the origin of the nonlinear excitations.

The electron and the hole polarons are equally pro-
duced in the MX chains by the photolysis. On the other
hand, only hole polarons are effectively produced in the
MX chains by the halogen doping.!?> Thus the origin of
the Raman modes between 260 and 300 cm ™! might be
better studied by the resonance Raman scattering for the
halogen-doped samples. This experiment is now in pro-
gress.
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