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Long-lived midgap states are found to be induced efficiently in a substance of the mixed-valence MX
chain complex [Pt(en),][Pt{en),CL}(BF,),, where en=ethylenediamine, by irradiation with the 488-nm
line of an Ar laser polarized perpendicular to the Pt-Cl chain bonds. If the temperature is changed be-
tween 10 and 250 K in the dark after laser irradiation, the near-infrared absorption bands due to the
photoinduced states show pronounced changes in the spectral position, line shape, and intensity. The

~ behaviors of the mean energy and the second and third moments of the A band at low temperatures can
be interpreted well in terms of the quantum fluctuation with an eigenfrequency of the order of 0.01 eV,
Above about 100 K, the mean energy and the second and third moments show anomalous temperature
dependencies, suggesting that the midgap states walk randomly in shallow and periodic potential wells of

the chainlike bonds.

L. INTRODUCTION

The title substance is an MX chain complex of plati-
num and has an orthorhombic crystal structure' isomor-
phous with  the  orthorhombic
[Pt(en),}[Pt(en),Cl,] (ClO,), where (en) is ethylenediam-
ine, in which the physical properties have been studied
extensively. This substance is obtained by replacing the
counter ions ClO, of [Pt(en),][Pt(en),CL,}(CIO,), by BF,.
The replacement of the counter ions causes only a small
change in the lattice constants. In particular, the ratio of
the Pt™V-Cl~ to Pt'™“Cl™ distances of the chainlike
valence-alternating bonds

--.-cl--ptcr—-ptV.Ccl™-- - -

is 0.759 in the BF, salt, being very close to 0.750 in the
ClO, salt. Correspondingly, the interband reflection
spectra, which is due to the Pt!—Pt" charge-transfer
transition, of the two substances strongly resemble one
_another:! The reflection spectrum peaks around 2.8 eV in
‘both substances, indicating that the fundamental energy
gap is about 3 eV. This fact means that the electronic
properties in these substances are similar to one another.
The unrenormalized energy gap could be higher than 3
eV, since the two substances have the strongest electron-
lattice coupling of many MX chain complexes.>* One
may regard the chainlike bonds as a doubly degenerate
charge-density-wave (CDW) state resulting from the
electron-lattice coupling. Accordin% to experiments on
magnetic resonance in the ClO, salt,>~® mobile kink soli-
tons with spin of S =1 can be created by optical irradia-
tion in the CDW state. . The unpaired electron is confined
in the photoinduced domain wall which joins mutually
antiphased chains of the valence-alternating bonds: This
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phase?  of

paramagnetic domain wall has a valence structure of

. Pt>3.C17-Pt?>*, One may infer from a simple topological

consideration that the solitons are created through the
electron-transferring relaxation process of the photoexcit-
ed electron-hole pairs or the charge-transfer excitons.’ 1!
The spins and thus the domain walls appear to be fluc-
tuating around their optimum sites even at liquid-helium
temperatures.® At elevated temperatures they move
through the CDW chain bonds in the manner of the
thermally activated random walk.>® As far as undoped
crystals are concerned, only a very small amount of pola-
rons, which should also have a spin of S =1, may coexist
with solitons.’

In the ClO, salt, in concurrence with the appearance of
the electron paramagnetic resonance (EPR) signal due to
the spin solitons mentioned above, three optical-
absorption bands 4, B, and B’ are induced in the near-
infrared and visible regions below the subgap tail'? of the
intrinsic charge-transfer band; they appear around 1.6,
2.0, and 2.1 eV, respectively.!"1%!4 It has been confirmed
recently that a very similar intragap absorption is in-
duced by laser irradiation in the BF, salt, as well.’> The
shift of the 4 band relative to the charge-transfer band
under hydrostatic pressure proves that the 4 band is
literally a midgap band in both substances,'>!® support-
ing the notion that the A4 band arises from spin solitons.
In contrast to the cases of solitons and polarons in other
MX chain complexes'®!? and those in other quasi-one-
dimensional materials such as trans-polyacetylene, the
decay time of the photoinduced absorption in the ClO,
salt is quite long, being 1—-10 s even at room temperature,
and infinitely long below 200 K. This feature is more dis-
tinctive in the BF, salt; the decay time of the 4 band
reaches 1 min even at room temperature. !’

Another remarkable aspect of the intragap bands is
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that their half-widths are appreciably greater than the
values expected in the usual adiabatic approxima-
tion.!®~20  Moreover, the line shape of the A4 band is
asymmetric. These aspects are characteristic of localized
states of a system with a strong electron-lattice coupling.
Indeed, the temperature dependence of the peak energy
and the line shape of the main band, 4, in the ClO, salt
exhibits a behavior reflecting that the photoinduced
states undergo a quantum fluctuation around their op-
timum sites at low temperatures, and a thermally activat-
ed random walk at high temperatures,?"?? in agreement
with the findings by EPR.

In the present paper we study the photoinduced ab-
sorption in the BF, salt to obtain more information on
the nature of the midgap states in MX chain systems with
strong electron-lattice coupling. We focus our attention
on the temperature dependence of the intensity, the mean
energy, and the second and third moments of the pho-
toinduced bands. In Sec. II the experimental procedures
are described. The results are presented in Sec. III. Prop-
erties of the quantum fluctuations and random walk are
discussed quantitatively in Sec. IV on the basis of the
configuration-coordinate model. Section V summarizes
the results.

. EXPERIMENTAL PROCEDURES

Single crystals are grown by the evaporation method
from the aqueous solution of chemically synthesized ma-
terial®® The material of 0.6 g is dissolved in distilled wa-
ter of 10 ml. The solution is evaporated at a rate of about
1 ml/day. When the solution is saturated, the evapora-
tion rate is lowered down to about 0.5 ml/day to grow
single crystals. All the processes are conducted at room
temperature (22-24°C). Crystals with a thickness of
50-100 pum are used for the present experiment.

The absorption spectrum is measured using an optical
multichannel system. A tungsten-halogen lamp is used as
the light source. Light of wavelengths longer than 520
nm is obtained with a glass filter, and is polarized parallel
to the Pt-Cl chain axis b of the crystal by a Glan-
Thompson prism. The light which is transmitted by the
sample is dispersed with a polychromator (Ritu Applied
Optic MC-30ND). The dispersed light is detected by a
charge-coupled-device (CCD) camera (Photometrics
PM512). The shutter of the CCD camera is synchronized
with the shutter of the light source. The intensity of the
light source and the exposure time are set as low as possi-
ble in order to avoid the photoexcitation effect due to the
light source. The typical exposure time chosen to take an
absorption spectrum is 0.2 s.

The temperature of the sample is controlled with a
continuous flow cryostat (Oxford Instruments CF1204)
and a temperature controller (Oxford Instruments ITC4).
The 488-nm line of a cw Ar-ion laser is used to irradiate
the sample. The laser beam is polarized perpendicular to
the b axis to produce the midgap states homogeneously
throughout the crystal.?’ The power of the laser beam is
regulated to be 0.05-0.5 W/cm?.
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III. RESULTS

Prior to the laser irradiation the absorption spectrum
of the pristine sample is measured at various tempera-
tures between 10 and 300 K. Figure 1 shows examples of
the results. The thickness of the sample is 70 um. There
appears a weak intragap band below the subgap tail of
the PtU—ptlV charge-transfer band denoted as CT,
showing that a certain amount of the intragap states are
inherently contained in the crystal. This band is located
around 1.6 eV, corresponding well to the 4 band in the
ClO, salt due mainly to the spin solitons. However,
features corresponding to the B and B’ bands, which are
assignable to charged solitons,* are absent.

If the sample is irradiated with the laser beam, the A
band is strengthened efficiently depending on the intensi-
ty of the laser beam and temperature. The photoinduced
component of the 4 band decays if the irradiation is
discontinued. Its time evolution is nonexponential, as has
been reported elsewhere.’® The 1/e decay time is typical-
ly 1 min at room temperature, but increases by orders of
magnitude as temperature decreases: For the case of the
sample shown in Fig. 1 the decay time becomes about 20
h at 250 K, and about 60 h at 240 K. Hence, after irradi-
ating the sample at 250 K for 20 s with a laser beam of
about 0.1 W/cm?, we measure the absorption spectrum in
the dark at various temperatures below 250 K. Figure 2
shows the spectra taken at the same temperatures as
shown in Fig. 1. In addition to the A4 band, a broad ab-
sorption corresponding to the B’ band may be identified
around 2.0 eV. Compared to the spectrum of the pristine
sample at low temperatures, it would appear that the B’
band is newly induced by the laser irradiation.

To obtain the net component of the photoinduced ab-
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FIG. 1. Absorption spectra measured for polarization paral-

lel to the chain axis b at various temperatures prior to the laser
irradiation.
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FIG. 2. Absorption spectra measured for polarization paral-
lel to the chain axis b at various temperatures after the sample is
irradiated at 250 K. The dotted curve is the spectrum taken at
250 K before irradiation.

sorption, the preirradiation spectrum is subtracted from
the postirradiation spectrum. Figure 3 shows the net
photoinduced spectrum at 10 K. Clearly, the photoin-
duced spectrum consists mainly of the 4 and B’ bands.
At any temperature there are no clear features other than
the 4 and B’ bands: The feature corresponding to B in
the ClO, salt is missing in the BF, salt. In the case of the
ClO, salt, the B band is an order of magnitude weaker
than the B’ band.?! Therefore, the B band might be
essentially weak in these substances.

Since the photoinduced bands are asymmetric the log-

Optical Density

(eV)

FIG. 3. The photoinduced absorption spectrum at 10 K ob-

tained by subtracting the preirradiation spectrum from the

. postirradiation spectrum. The smooth solid line is the result of

the least-squares curve fit with two log-normal functions shown
by dotted lings.

'Photon Energy
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normal function is employed to decompose the observed
spectrum into two bands. As shown in Fig. 3, the asym-
metry of an absorption band is measured by the ratio
p=d/c, where ¢ and d are the spectral distances of the
half-maximum positions from the peak position v,. The
full width at half maximum (FWHM) is given by
W=c +d. Let the maximum absorbance be A,. Then
absorbance of this band is given as a function of frequen-
cy v by

v—vg 92_1 2

W o p

A(v)= Aqexp +1

’

2 [m
(Inp)?

(1
where

V%VO—TWL for p21.
p—1
Otherwise A(v)=0. As p approaches 1.0, A(v) ap-
proaches a Gaussian with its FWHM of W. To obtain
the values of A4, vy, W, and p of the 4 and B’ bands at
all temperatures examined, we perform the least-squares
fit to the experimental spectra by the iteration method.
In Fig. 3 is shown an example of the results. The calcu-
lated curve reproduces the experimental spectrum very
well.
The integrated intensity of a log-normal absorption
band is given by*’

172
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FIG. 4. Temperature dependence of the integrated intensities
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Figure 4 shows a plot of the integrated intensity of the A4

and B’ bands as a function of temperature. Both bands

are reduced with increasing temberature. Experiment
needs about 24 h to take all the data presented here.
Within this time scale the change of the absorption inten-
sity is reversible upon temperature cycling, in accordance
with the very long decay time below 250 K. The result of
Fig. 4, therefore, means that the oscillator strength of ab-
sorption due to an intragap state depends on tempera-
ture. In addition, the temperature dependence differs be-
tween the two bands, reflecting that the two bands are as-
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FIG. 6. Temperature dependence of the energy, at which the
optical density equals 1.0, of the subgap tail of the CT band.
Solid circles are experimental points, and the dashed line is
drawn as a guide.
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sociated with different intragap states.

As evident from Fig. 2, the line shape and position of
the photoinduced absorption bands vary with tempera- .
ture. Figure 5 shows the variation of the peak position
vo, FWHM W, and the asymmetry parameter p of the 4
band with temperature. The peak position turns out to
shift continuously from 1.64 to 1.60 eV on cooling the
crystal from 250 to 10 K. At the same time, the 4 band
is narrowed to become more asymmetrical in the line
shape. The values of the parameters of the B’ band
scatter largely, particularly at temperatures above 100 K,
because of its weak intensity compared to the 4 band.
For the B’ band, therefore, the temperature dependencies
of the parameters except the integrated intensity are yet
to be studied.

Figure 6 shows the photon energy at which the optical
density of the CT band of the preirradiation sample is 1.0
as a function of temperature. In contrast to the redshift
of the 4 band with decreasing temperature, the charge-
transfer energy gap undergoes a large blueshift, demon-
strating the renormalization effect due to a one-
dimensional electron-phonon coupling.?

In addition, we note from Figs. 5 and 6 that the shifts
of the 4 and CT bands are rather smooth. In the CIO,
salt the orthorhombic phase, in which the chains are
strictly linear, is stable only above 290 K; upon the phase
transition at this temperature to the monoclinic phase, in
which chains are buckled, the 4 and CT bands shift
discontinuously toward higher energies by 0.02 and 0.04
eV, respectively.!! Evidently, there are no indications of
such anomalies in the data of Figs. 5 and 6 throughout
the whole temperature range between 10 and 300 K.
Presumably, under 1 atm the orthorhombic phase is
unique in the BF, salt below room temperature.

IV. DISCUSSION

In this section we shall look closely at the mean energy
V., Second moment u,, and third moment p; of the 4
band in order to investigate dynamic properties of the
midgap state. The log-normal function given by Eq. (1)
permits one to calculate v,,, u,, and u;. Using the in-

tegration formulas derived by Yuan,” we obtain
v, = l]fwvA(v)dv=v +&(6°—1) 3)
m A (Yo 0 ’
1= |2 | [ v=v,, P A)dv=6%6—1) 4)
A [do " ’
= | L Cp—a P
M= |1 Jfo (v—v, Y A(v)dv

=£0*30—1%0+2). (5

Figure 7 shows the variations of v,,, yi,, and p, of the 4
band with temperature. All three parameters vary in a
similar way to each other, showing a maximum around
120-200 K.

It has been clarified in Sec. I1I that the energy gap de-
pends on temperature. The temperature dependence of
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FIG. 7. Temperature dependence of the mean énergy Vi
(0), second moment y, (A ), and third moment p; (O) of the 4
band. Dashed lines are drawn as guides.

the energy gap must affect the values of v,, at high tem-
peratures. A reasonable estimate of this contribution is
given by half the temperature-induced shift AE; of the
CT band, since as mentioned in Secs. I and III the 4
band can be regarded as a midgap band well. Figure 8
shows a plot of the corrected value v5, =v,, —~1AEqr. Of
course, since the CT band should broaden thermally,
AEr should be greater than the shift of the energy gap
itself, and thus the values of v5, at high temperatures
might be appreciably overestimated. It may be safe, how-
ever, to say that if the energy gap remains unchanged v,),

1.75

1.70

Corrected Mean Energy (eV)

1.65

0 100 200 300

Temperature (K)

FIG. 8. Temperature dependence of vy,. The marks O are
the experimental points, and the solid line is the theoretical
curve calculated from Eq. (8).
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continues to increase with increasing temperature beyond
100 K. In addition, even at 10 K both the damping fac-
tor \/;72 and the asymmetry factor 3 3 exceed 0.1 eV,
which is much greater than the thermal energy. More-
over, they increase further as temperature increases.

In general, quantum fluctuations in a specific
configuration-coordinate space cause the absorption band
of a localized center to have a large damping and asym-
metry. To a first approximation one may express the po-
tentials of the ground and excited states, between which
the optical transition takes place, around an optimum po-
sition as

U,=v,+1loi(r—A), O]
U; =%“’§’2 ’ )

where the mass and Planck’s constant are set unity. The
quantities @, and @, are the eigenfrequencies of fluctua-
tion in the ground and excited states, respectively, v, is
the difference in energy between the minima of the poten-
tials, and A is the relative displacement of the minima
along the configuration coordinate ». According to Siano
and Metzler,?’ assuming an infinite series of the
harmonic-oscillator levels,

2__ 2)

w (1)
= 1,202 e g g 8
Vi =V, T0;A%+ ‘o, coth 5%T | ®)
472 2__ 232
w A Wy (0 —ay) .| @
= + — 1,
K2 20, coth kT 8a>f, coth T |7
9
_ 3m:A2(w§—m§)coth2 0,
Hs 40 2KT
(0} —a?)? ®
+ f—coth® | 5 |, 1
5} ot kT (10)

where k is the Boltzmann constant and T is the tempera-
ture. Equations (8)-(10) predict that the quantities v,,,
iy, and p; are correlated intimately to one another, and
that they vary maonotonically with temperature. It is ap-
parent from the experimental results that in the present
case @, > wg.

Let us examine the experimental results quantitatively
on the basis of this theory. The data of u, and u, suggest
that the simple harmonic-oscillator picture is valid only
below about 100 K. Thus we restrict the discussion to
this low-temperature regime. Since the energy gap is al-
most constant below 100 K, Eq. (8) may apply to the
change in v, observed. In fact a good fit of Eq. (8) to
those data of v, is given by w,=(9.512.0)X 107 eV,
w,/©,=3.510.4, and v, =1.625+0.005 eV, where

w?A?
S

This value of w, suggests that the midgap states fall

mostly into the zero-point level below 100 K. In Fig. 8

v,=v,+ (11)
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the theoretical curve calculated with w,=8.4X 1073 ev,
w,/wg=3.6, and v,=1.63 eV is shown along with the
data of v§,. The reason for the discrepancy, which is seen
between the theoretical and experimental values of V¢, at
high temperatures, will be discussed below.

To test the correlation of p, and p; with v,,, it is con-
venient to rewrite Egs. (9) and (10) as

Br=Hpg +a WV —v, )+ 2v, —v, ), (12)
Us=Hsy+6a(v,, —v. )} +8(v,, —v, ), (13)
with
a=[ 4? w?A? (14
ol -} 2 |’

where the constants u,; and p,; are incorporated into
this analysis to take the static disorder effects into ac-
count. Figure 9 shows a plot of the data of u, and u,
below 100 K as a function of v,,. Reasonable agreement
of Eqgs. (12) and (13) with the data can be obtained with
Pog=(1.0£0.2)X 1072 eV, u,,;=(0.7£0.3)X 1073 eV3,
and ¢ =0.0710.01 eV. Putting the value of a into Eq.
(14), we obtain w?A2/2=0.016+0.002 e¢V. Hence Eq.
(11) gives v, =1.60 eV. In Fig. 9 the theoretical curves of
H4, and pg calculated from Eqgs. (12) and (13), respective-
ly, with p,;=1.1X10"2 eV? pu;y,=1.0X1073 eV3,
2=0.06 eV, and v, =1.63 eV are compared to the experi-
mental data.

It appears from this analysis that the temperature
dependencies of various spectroscopic aspects of the 4
band in a range of 10-100 K are explained consistently in
terms of quantum fluctuations: The eigenfrequencies of
the ground and excited states are found to be of the order
of 10 and 30 meV, respectively. Based on the site-
diagonal electron-lattice coupling scheme,?®?® which as-
sumes that the electron-lattice coupling is dominated by
the in-chain displacement of halogen ions relative to Pt
ions, the in-chain local vibrations of Cl~ ions might be

T T T 6
< &~
% 2t <« Kz & >
D) eA mﬂ)
o 44 P
=z | -
2 1} Duu o [*]
= 1o =
o o o E
S a 2 l"3 e =
3 =

w
0 L 4 0
1.64 1.66 1.68 1.70

Mean Energy (eV)

FIG. 9. Plot of second moment g, (A) and third moment
(O) of the 4 band as a function of the mean energy v,,. The
solid lines are theoretical curves of u, vs v,, and u; vs u,, calcu-
lated from Eqgs. (13) and (14), respectively.
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ingredients for the quantum fluctuation. The frequencies,
however, of the Raman-active local modes are 32-36
meV,*%3! being greater than the value of w, by a factor of
3-4,

A more possible origin of the quantum fluctuation is
the vibration of the entire local state. The frequency of
the in-chain vibration of the Pt-CI-Pt unit of a spin soli-
ton, for  instance, is  estimated to be
~aogV My /(2Mp,+Mq)=11 meV, in good agreement
with w,, where wq is the frequency, 38.6 meV,!* of the
breathing mode of ClI™ ions, and M and My, are the
atomic masses of Cl and Pt, respectively. This mode
would couple strongly with the localized electrons be-
cause the restoring force comes from the Cl~ ions hold-
ing the Pt-CI-Pt unit from both sides. Consequently, the
spin distribution would fluctuate, as shown by EPR in the
ClO, salt,® so as to be synchronized with the vibration.

Another possible origin is the vibration of the soliton
itself around the equilibrium position. The spin soliton in
the present substance has an effective mass of about
300,232 where m,, is the free-electron mass: Such a
large effective mass is essential to a soliton of an MX
chain complex because fluctuations of halogen ions are
always linked with the motion of the soliton. The soli-
tons are subjected to a shallow periodic potential with a
periodicity of twice the nearest Pt-Pt distance.’>** To es-
timate the vibration frequency let the potential be a
sinusoidal function of the position, and the depth be
20-40 meV. Then the frequency of the zero-point
motion turns out to be 9-13 meV, assuring that at low
temperatures the solitons can be bound by a well of the
potential; the eigenfrequency 18-26 meV is comparable
to the value of w,.

Now we turn our attention to the data above 100 K.
Contrary to the prediction of the configuration-
coordinate model, the second and third moments u, and
3 of the A band level off around 120-200 K and then
decrease with increasing temperature. An interpretation
of this anomalous phenomenon has been put forward
with the thermally activated random walk of solitons tak-
en into account.'? As postulated in the arguments
presented in the preceding paragraph, the periodic poten-
tial for a soliton, particularly for the spin soliton, could
not be deep enough to confine a soliton firmly within a
certain well. Consequently, solitons may move along the
chain bonds at elevated temperatures. Since the potential
of the excited state must also be periodic with a depth
comparable to that of the ground state, the local fluctua-
tion effect is eventually smeared out at high tempera-
tures, and thus the second and third moments would ap-
proach their ordinary values. It may also be true for v,.
In fact, as seen in Fig. 8, the higher the temperature the
larger the downward deviation of v{, from the theoretical
curve. The thermal broadening effect of the CT band is
ignored in deriving +,. Therefore the actual deviation
might be appreciably larger than the deviation seen in
Fig. 8. :

A soliton of an MX chain complex changes its own
valence structure while moving along the chain.*® The
structure of a spin soliton, for instance, is changed from
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Pt>5-C1~-Pt%5 to C1~-Pt>-Cl~ and Pt*3-C1™-Pt>* succes-
sively on going from an optimum site to the midpoint to-
ward the next optimum site. Presumably, such a change
contributes additionally to the anomalous behaviors of
Vs Mg, and s at elevated temperatures. The pronounced
temperature dependence of the oscillator strength may
also be related to this property.

V. SUMMARY

The effect of laser irradiation on the optical absorption
has been studied in single crystals of an MX chain com-
plex [Pt(en),][Pt(en),CL,](BF,);, where {en) is ethylenedi-
amine. The midgap band, which appears in the pristine
crystal around 1.6 eV, is found to be strengthened
efficiently by the irradiation with the 488-nm line of an
Ar laser. In addition, a broad band is induced around 2.0
eV. The two bands correspond well in energy and line
shape to the 4 and B’ bands, respectively, in the ClO,
salt. It may be concluded, therefore, that the two bands
are associated with different intragap states. However,
the absorption corresponding to the B band in the ClO,
salt is absent in the present substance.

The A and B’ bands, induced by laser irradiation at
250 K, persist as long as the temperature is kept below
250 K. The spectra of the two bands show significant
changes in the position, line shape, and intensity if the
temperature is lowered from 250 to 10 K. The intensity
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is reversible upon temperature cycling for both bands:
Because the two bands arise from different states the tem-
perature dependencies of their intensity are significantly
different from one another. The mean energy and second
and third moments have been evaluated, with attention
paid to the 4 band. A quantitative analysis of the results
on the basis of the configuration-coordinate model mani-
fests that the photoinduced midgap states undergo a cer-
tain quantum fluctuation at low temperatures with its
eigenfrequency of the order of 10 meV, and that they
walk randomly at elevated temperatures. Possible origins
of the quantum fluctuation have been discussed in the
light of a strong site-diagonal coupling between the elec-
trons of the localized states and the in-chain displace-
ment of C1™ ions.

Spectroscopically, the orthorhombic phase appears to
be stable in this substance throughout the temperature
range between 10 and 300 K. Nevertheless the properties
of the midgap states found by the present study are essen-
tially identical with those of the monoclinic phase in the
ClO, salt, suggesting that it is not crucial to the proper-
ties of the midgap states whether the linear chains of the
Pt-Cl bonds are straight or buckled.
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