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Ultrafast dynamics of lattice relaxation of excitons in quasi-one-dimensional
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The temporal evolution of the photoexcited state in quasi-one-dimendibbahalogen-bridged platinum
complexeg Pt(en), ][ Pt(en)X,](ClO,), (abbreviated as PX; X=CI, Br or I), has been comprehensively
studied by femtosecond time-resolved luminescence spectroscopy. In Pt-Cl, new short-lived hot luminescence
is found in the low-energy side of a self-trapped excitBME) luminescence band. The overall behavior of the
STE luminescence band within 2 ps is well explained by the vibrational relaxation of the STE. The behavior
is reproduced by a model calculation based on wave packet propagation on an interaction mode composed of
frequency-dispersed bulk phonons. This model is also applied to the previous results in Pt-Br. For both Pt-Cl
and Pt-Br, the frequency spectra of phonons which compose the interaction mode have been estimated. In Pt-l,
the STE luminescence decays much faster than those in Pt-Cl and Pt-Br, showing existence of more effective
nonradiative decay channel.
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. INTRODUCTION chain can be expressed as the sequence- Pt 7—X~
—PETP—X"—..., wherep (0<p<1) represents the de-

Structural changes induced by electronic excitation havgiation of the valency of platinum ions from 3. The halogen
been of continued interest in condensed matter physics. It isns on the chain are located closer tdPtthan to Pt *.
well known that the photo-generated free carriers and exciThis mixed-valence state is understood as a commensurate
tons in insulators often bring about the local lattice deformacharge-density waveCDW) caused by the Peierls instability
tion and become localized. Such self-trapping phenomengs 1D metal. In Table I, the fundamental structural and opti-
have been studied over yedrsjowever, from the experi- cal properties of Pk are summarized. The ratio of Rt-
mental point of view, some basic problems are still left opengistancesd, /d; becomes smaller with increasing the halo-
One of them is how the localization of electronic wave func-gen ion radius because it is more difficult for larger ions to
tion is triggered and what kind of phonon mode stabilizes theypproach Pt # ions. The single crystals of RX-are known
localized state. We can observe the so-called local nforde tg exhibit an intense chain-axis-polarized optical absorption
defect modg relevant to the localized electrons by Ramanpand from near-infrared to visible wavelength raRgghis
and far-infrared FIR) spectroscopy. It is often assumed im- apsorption band has been assigned to a charge-trai@sFer

plicitly that this local mode triggers the localization and sta-gptical excitation of an electron from ¥t to P8**. It gives
bilizes energetically the localized electronic state. However,

there is no obvious experimental evidence that shows this _ _
special normal mode is responsible for triggering the local- TABLE 1. Fundamental structural arld Opt'cal, properties of
ization and for energetic stabilization. PtX. d; andd, are distances of Pt"—X" and Pt —X", re-

It gives valuable information on the self-trapping mode toSp?Ct'Vely(Refs' 3, and # p represents the deviation n valency of
observe directly the temporal evolution of a system durin ptions from 3Ref. 2. Ecr andEyy, are the peak energies of the CT

th If-t . by femt d ¢ . gexciton absorption band at room temperature and the STE lumines-
€ sell-trapping process by 1emtosecond SpeClrosCopIC EXg,q pang at 2 K, respectivelRef. 2. wg is the frequency of the

periments. In _parti_cular, the_ time-resolve(_j !uminescenC(?Qam‘,Jm_active symmetric stretching motRefs. 5—7. T, is the
measurement is suited for this purpose. This is because thg, ation period of the mode.

wave packet sliding along the mode can be observed at arhi-

trary points simply by varying the detection photon energy. ptx Pt-Cl Pt-Br Pt-|
The correspondence of the photon energy with the configu
ration coordinate along the mode is very simple because it d1 (A) 2.3274 2.4843 2.7918
depends only on the potential energy curves of the ground d» (A) 3.1014 3.0013 3.0368
and the first excited states. d,/dy 1.33 1.21 1.09
Halogen-bridged  platinum  complexes [Pt(en)] p 0.91 0.64 0.36
[Pt(en)X,](ClO,), (hereafter, these are abbreviated as Ecr(eV) 2.72 1.95 1.37
Pt-X, en = ethylenediamineX=Cl, Br, or |.) are typical Eim (V) 1.22 0.76 0.6
quasi-one-dimension&lD) strongly coupled electron-lattice ~ wg (cm™?) 308 166 113
systems. Their crystal structure is characterized by a linear 1, (fs) 108 201 295

chain composed of alternating Pt and halogen ions. This
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a pair of Pt* ions, i.e., a CT exciton. The peak energy of i'“ . ) ) o
| i i ) - . horizontally polarized Gating Excitation
this absorption bandHt in Table ) becomes higher with ®: vertically polarized Paraboloidal pulse |pulse
decreasing the halogen ion radius because the displaceme mirror ® ®
of halogen ions is responsible for the energy stabilization of Sum-frequency light
electrons on Pt * sites. WP
The photogenerated exciton is initially in the Bloch state, LIO crystal \ o
and its wave function extends over the 1DXPthain. How-

ever, the exciton immediately relaxes to the self-trapped state

and causes the local lattice deformation because of the ab
sence of energy barrier between the free and self-trappe(poubie
states in 1D systenfsAs the positions of Pt ions are rather monochromator
tightly fixed by the surrounding ligand moleculésthylene- Photomultiplier
diamine, the deformation of lattice in PX-is chiefly the tube
movement of halogen ionX~. The X~ between the two

PE" ions is expected to be displaced to the position close to FIG. 1. Schematic diagram of the measurement system. HWP1
the middle point of the Bt ions. When the crystals of -  and 2 are half-wave plates.

are excited at the CT absorption band or higher energy, ingamage of the sample. The luminescence of the sample is

tense Stokes-shifted broad luminescence bands due to tQg|iected and focused onto a nonlinear optical crystal (410
self-trapped excitodSTE) appear in the near-infrared wave- iickness 0.5 or 1 mirby off-axis paraboloidal mirrors. An-
length regior®. This luminescence is known to be strongly other beam of the Ti:sapphire las@gating pulse” in the
polarizgd parallel to the chain .axis of the crys'gal. In Table Lfigure) is suitably delayed and focused onto the same nonlin-
the luminescence peak energies are summariggg) (The  ear crystal. The time-resolved luminescence is detected as
peak energy becomes lower with larger halogen ion, i-e.5ym frequency photons generated from the luminescence and
with lower CT gap energy. In addition, the frequency of theie gating laser pulse. The sum frequency light is collected
Raman-active symmetric stretching mode is shown in theynq focused into a double-grating monochromator, and is
table (wg). It naturally becomes lower with increasing the yetected by a photomultiplier tube with a photon counter.

HWP2 - Tf]y/\/
Luminescence

Sample

halogen ion mass. _ The time evolution is measured by varying the time delay of
In this paper, we report the results of femtosecond timeyye gating pulse with respect to the sample excitation pulse.
resolved measurement of the STE luminescence iX. Rt For the excitation of Pt-Cl samples, the SH light of the

Pt-Cl, new short-lived hot luminescence originating from theTi:sapphire lasefphoton energy 3.2 eVis used. The time
excited vibrational states of the STE is found in the low-resoytion of the measurement system is about 160 fs in this
energy side of the STE luminescence band. The overall bgsase. For the excitation of Pt-Br samples, the fundamental
havior of the STE luminescence within 2 ps in Pt-Cl is well frequency light(1.6 eV) is used, and the time resolution is
understood by the vibrational relaxation of the STE. It isgpout 90 fs. In experiments with Pt-l samples, the output
reproduced by a model calculation based on wave packgfeam of a Ti:sapphire regenerative amplifieentral photon
propagation on an interaction mode composed of frequenCysnergy 1.6 eV, repetition rate 100 kHz, pulse width 100's
dispersed bulk phonons. This model is also applied t0 thgseq as a light source. In this case, the time resolution is

previous results in Pt-Bf; and for both the systems, the yather worse and about 170 fs due to the larger laser pulse
frequency spectra of phonons which compose the interactiofiqn.

mode have been estimated. Meanwhile, the annihilation dy-  Ag will be described in the next section, the direction and
namics of the STE is investigated by observing the decay ofiegree of luminescence polarization are examined for Pt-|

the luminescence. In Pt-l, the STE decays much faster thagamples. For this purpose, another half-wave plet&/P2)

in Pt-Cl and Pt-Br. is placed between the paraboloidal mirrors. As only the po-
larization component of luminescence satisfying the phase-
Il. EXPERIMENT matching condition for sum frequency generation is fre-
) ) ) ) _ uency up-converted, the nonlinear crystal acts as a
The time evolution of luminescence has been 'nVeStlgategolarization filter. Thus, by variably rotating the polarization
by the frequency up-conversion technique. The light sourcjrection of luminescence by HWP2 and measuring the in-
is a mode-locked Ti:sapphire lageentral photon energy 1.6 tensity of sum frequency signals, we can analyze the direc-
eV, average power 900 mW, repetition rate 90 MHz, puls&jon and degree of polarization of the luminescence.
width 60 f9. A schematic diagram of the measurement sys-  a|| the experiments have been done with as-grown single
tem is shown in Fig. 1. The output beam of the ultrashorterystals of PX. In this study, the Pk samples are always

for the excitation of a sample. It is either the fundamental

frequency or the second harmoriigH) light of the Ti:sap- IIl. RESULTS AND DISCUSSION
phire laser. The polarization direction of the excitation light
is variably rotated by a half-wave platelWP1). The aver-
age excitation power is reduced to about 1 nl@ébout First of all, we describe the model to calculate the time
3 Wicn?) by a neutral density filter so as to prevent thedependence of luminescence. By comparing the calculated

A. Model of hot luminescence
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results and the experimental ones, we can obtain the fréFhe term ), —€)/2D? in Eq. (2) is neglected because the

qguency spectra of phonons which compose the interactioaxcitation photon energy is always in the CT absorption band

mode of the self-trapping process. in this study b;~e¢€). Thus, J'(w) has the relationship
We consider a two-level system of an electron coupled)’ (w)*J(w)/w. The time dependence of spectral width

with bulk phonons through a linear interaction. In the strong(t) is expressed as

coupling limit, the spectrum of transient hot luminescence in

the system is given by Kayanutias

V2m {Q,—e(1)}?
Fe(szﬂlﬂ):B—eXF{ T Bz | (1) Aconstant ternD, is added. This represents broadening due
(t) (t) to the finite spectral width of the excitation laser pulse.
Here,Q; andQ, are incident and scattered photon energies, When the spectrumd’(w) is composed of continuous
respectively(t) is the time-dependent Franck-Condon en-Pands of finite widths, the relation
ergy and given as, w
Iimf J' (w)coswtdw=0 (8)

t—oo

—o0

% 2
B(t)=DO+Dl\/1—U J’(w)cos(ptdw}. 7

O,—€ -

~ * 1 1
e(t)y=€ 2ELR+2J_me + D? }J(w)COSwtdw.

is satisfied because of dephasing among different frequency
(20  components at large Then, the relations

€ is the electronic excitation energy affy is the lattice - - -

relaxation energyD represents the spectral width of the lin- lime(t)=e, limye()=0, lime(t)=e—2Er, (9
ear absorptiorior luminescenceband.J(w) is the spectral =0 =0 e

density function, which defines the frequency spectrum of

phonons coupled to the electronic staigt) expresses the
time dependence of spectral width of the hot luminescence
and is given as are satisfied. All the calculations based on the model have
been performed with the convolution of E() with the
response function of the measurement system.
In the previous report¥'? different models from the
above one are applied to Pt-Cl and Pt-Br. The model de-
For strong electron-phonon coupling, it is necessary thagcribed here can, however, be applied to both the systems. It
the electron interacts with phonons of a wide range of thénanifests naturally both the energy and phase relaxation of a
Brillouin zone. For this sake, the spatial size of the electroni¢vibrational state without defining a phenomenological
wave function need to be of the order of a unit cell. Underenergy-dissipation rate.
this situation, the interaction mode consists of the modes
continuously distributed within a finite frequency width re- B. Pt-Br
flecting the frequency dispersion of phonons. Then, the spec-
trum J(w) is composed of continuous bands of finite widths.
For the fitting to the experimental results, we simplify the
above three equations in the following way. First, Eb.is

limD(t)=Dy, limD(t)=Dy+D; (10)

t—0 t—oo

©

D(t)2=D?— D‘2{ f

— o0

2
J(w)coswt dw] . (3

Here we apply the model to the previous results in
Pt-Br!® In the experiment, the samples of Pt-Br at room
temperature are excited at 1.6 eV. This photon energy corre-
sponds to the low-energy tail of the CT absorption band. The

modified as excitation light is polarized parallel to the chain axis of the
— ~ 2 crystal. It produces the free excitons with small kinetic en-

Fo(Q,,t)= 27-rex _ Qo (1)} ot . (4) €9y The luminescence is observed over the photon energy
e D(t) 2D(1)2 T range from 0.7 to 1.4 eV which includes the peak of the STE

. luminescence band of about 0.8 eV. The polarization compo-
The last factor exptt/7) represents the decay of lumines- pent of luminescence parallel to the chain axis is observed.

cence, i.e., the annihilation of STE's. is the lifetime of The time evolution of luminescence is shown in Fig. 2. It
STE. Second, the time-dependent Franck-Condon energshows strong dependence on detection photon energy. The
e(t) is modified as calculated results are shown as dotted curves in the figure.

The lattice relaxation is assumed to startat. In the cal-
culation, the parameters shown in Table Il are used. These
values are determined as follows. The electronic excitation
energye is given by the position of the low-energy edge of
The functionJ’(w) is dimensionless normalized spectral the CT absorption band. The lattice relaxation endfgy is

oo

‘e(t)=€—2E r+ ZELRf J(w)coswtdw.  (5)

density and has to satisfy the following condition; determined from the luminescence peak energy 0.8 eV
. (= €e—2E_R). The initial spectral width of hot luminescence
f J(w)do=1. (6) Dg [s g.iven.by the transform—llimited band wi'dth of the 50 fs

— excitation light pulse. The final spectral widiDy+D; is
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FIG. 3. Spectral density functiod, (), assumed in the calcu-
lation of the time-resolved luminescence in Pt-Br and Pt-Cl.
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STE 7 is determined from the luminescence decay (5.5
+1 ps)!® To reduce the degree of freedom JA(w), we
have to assume a specific function shape appropriately. We
S Ao have tried several types df (w), and have found the fol-
0.0 1.0 2.0 0.0 1.0 2.0 lowing form which consists of two Gaussian components
with the same center of gravity is appropriate.

Time (ps)
g
FIG. 2. Time evolution of luminescence in Pt-Br at indicated 1-a exd — (0—0c)?
emission photon energies. The experimental and calculated results \/;W1 Wf
are shown as solid and dotted lines, respectively. Refer to the text 2
for the meanings of arrows. L _ + a ex;{ (0— o) 1’ 11
(w)= \/;WZ W% (13)
determined from the fitting to the experimental data. The O<w<2w,
obtained value of 0.155 eV corresponds to the FWHM of
about 0.37 eV. As the STE luminescence band in Pt-Br has 0 otherwise
the spectral width of about 0.26 e WHM) at 2 K2 the \ '

value of 0.37 eV is quite reasonable when we take account dflere w. is the center of the phonon frequency. The fre-
thermal broadening at room temperature. The lifetime ofguency widthW; is assumed to be larger than the other one
W,. Parametea represents the weight of the contribution of
TABLE II. Values of fitting parameters used for Pt-Br and Pt-Cl the second component. These four parameters determine the
in the calculatione is the electronic excitation energy, y is the shape of)’ (w). Their values are determined from the fitting
lattice relaxation energyD, andDo+ D, are the initial and the final  to the experimental data as shown in Table II. The obtained
spectral widths of hot luminescence, respectivelys the lifetime  3() s plotted in Fig. 3. The time origin of the experimen-
of STE.T is the oscillation period at the central phonon frequency.ig| data in Fig. 2 is determined by the fitting with the calcu-
W, andW, are the frequency widths of the first and second Gaussizted results.
ian componentsa is the weight of the second component. As seen in Fig. 2, the model reproduces the experimental
results very well. We can see a distinct temporal oscillation

Parameter PLBr PtCl with a period of about 290 fs. This period determines the
e (eV) 1.4 2.6 value of T(=27/w.). At 1.4 and 1.3 eV, the intensity of the
Eir (V) 03 0.66 second oscillation peatindicated by arrowsis very weak,

D, (meV) 15 15 compared with that of the_first one in both the experiment_al
Do+D; (eV) 0.155 0.235 and calculated results. This shows the wave packet returning
7 (ps) 6 25 from_the first turning point can not get back. to the same
T=27lw, (fs) 290 140 _p03|.t|on for these high transmorj.energles. This can be seen
W, 2043 20,/9 in Fig. 4, where the energy position gf the wave padkie¢

W, 2014 20,142 time-dependent Franck-Condon enekdy)] is plotted~as a

a 0.3 0.5 function of timet. The fast damping of the oscillation &{t)

arises from the contribution of the first Gaussian component
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C il e 0.00 FIG. 5. Time-resolved hot luminescence spectra calculated with

00 05 10 15 20 25 30 parameter values in Table Il for Pt-Br. The spectra=ad, T/20,
T/4, T/2, andT are shown.T is the period of the wave packet

Time (ps) oscillation (290 f9. The abscissa represents the luminescence pho-
FIG. 4. Time-dependent Franck-Condon energft) (solid ton energy.
curve and time dependence of spectral widdiit) (dashed curve
calculated for Pt-Br. the wave packet at the potential minimum, and reproduced in
the calculation as a small hump.
of the broader spectral widthV; (=2w./3) in J'(w). If At 0.7 eV, the oscillation appears again both in the experi-

J'(w) did not include this component, the second peak in thenental and calculation data. At this energy, the oscillation
calculation would be much stronger than the experimentalasts at least for three periods. It can be seen in the experi-
result. mental data that the intensity of the first oscillation peak
The relative intensity of the second peak increases withindicated by an arropis as strong as that of the slow decay
decrease of the emission photon energy. At 1.1 eV, it becomponent. It is reproduced well by the calculation. At 0.9
comes stronger than the first peak. This is reproduced by they; the intensity of the first peaindicated by an arroywas
calculation. The relative in@ensity of the secono_l peak to theypout half of the slow decay component intensity. This is
other ones becomes maximum at 1.0 eV. This means t_hﬁlso reproduced by the calculation. By assuming the appro-
center of the wave pacl_<et ha; .the second turning poing e spectral density functial (w), the model has repro-
around the position for this transition energy. This is show duced the above many important features of the experimental

in Fig. 4. In the same way, the third peak appears and I sults.

creases its intensity with decrease of the photon energy. As ™ _. . .
y b 9y Figure 5 shows the time-resolved hot luminescence spec-

indicated by an arrow at 1.1 eV, the oscillation is followed by lculated f h del with th h .
the slow decay with a lifetime of about 5.5 1. tra calcu ate_ rom the mode W|t t e parameters shown in
At 0.9 and 1.0 eV, the oscillation lasts at least for ﬁveTabIe Il. Att=0, the spectral width is as narrow as the band

periods. To reproduce this fact in the calculation, the seconidth of the excitation light pulse. It, however, broadens out
Gaussian component of the narrower frequency witlthis ~ Very rapidly and becomes maximum at T/4 (=72.5 fs)
included inJ’ (w). The width is determined uniquely to be When the wave packet passes through the potential mini-
2w /14. As the energies are close to the transition energynum. Then the width narrows slightly, and the wave packet
from the bottom of the STE potential well, the luminescence'eaches the first turning point at=T/2 (=145 fs). After
intensity does not show fast decay. one oscillation periodat t=T (=290 fs)], the spectral

At 0.8 eV, the oscillation disappears. It is reproduced wellwidth becomes much broader than the initial one. The time
by the calculation. At this energy, only one oscillation peakdependence of the spectral widi{t) is plotted as a dashed
indicated by an arrow is observed. This photon energy isurve in Fig. 4. The spatial size of the electronic wave func-
equal to the peak of the stationary luminescence. The disapion shrinks simultaneously with the first cycle of the wave
pearance of the oscillation at the peak can be understood @scket oscillation along the interaction mode. Thus, this
follows. As the period of the wave packet oscillation is aboutmode is responsible for triggering the localization of the
290 fs, the wave packet goes through the potential minimunelectronic wave function and for energetic stabilization of the
every 145 fs. Actually, the time-dependent Franck-Condorocalized state.
energy e(t) in Fig. 4 passes through the energy of 0.8 eV  Tanaka and Kayanuntatheoretically investigated the ef-
every 145 fs. Thus, if the time resolution of the measurementect of exciton transfer on the self-trapping dynamics in a 1D
was sufficiently good, the oscillation of the period of 145 fssystem, and calculated the time evolution of luminescence.
would be observed in the luminescence at 0.8 eV. This oscilh the large exciton transfer case, the peak position of the hot
lation is, however, invisible in the experiment because halluminescence spectrum stands still around the excitation
the period(72.5 f9 is shorter than the time resoluti@@0 fs). photon energy for a moment, and then the damped oscillation
At 0.8 eV, only one oscillation peak indicated by an arrow isstarts. This reflects that the exciton remains free for a while
observed at the very early time. It is due to the first transit ofafter the photoexcitation owing to the effect of the transfer.
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Thus, the transfer may influence on the starting time of the
damped oscillation which is not determined experimentally
in this study.

Here we discuss the phonon modes which contribute to
the interaction mode. In Pt-Br, the frequency of the Raman-
active symmetric stretching mode is 166 ¢tm The fre-
quency dispersion of this mode is known to be very srall.
Thus this frequency is too high to explain the observed value
115 cm? (the periodT=290 fs). In FIR reflectivity®!’
and transmittancé spectra of Pt-Br, several vibration modes
appear around 115 cm. Although their origin is not clear,
it is possible that they contribute to the interaction mode.
There is another possibility which seems to be more realistic.
The dispersion relation of vibration in Rt-chain is calcu-
lated by Bulouet al® It shows that two dispersive modes lie
at moderately lower frequency than that of the symmetric
stretching mode. They may contribute to the interaction
mode. As the exciton wave function becomes localized in the
spatial size of the order of a unit cell, it can be coupled to the
modes throughout the Brillouin zone. As shown in Fig. 3, the
interaction mode has the broad spectral width. It might be
due to the dispersion of those modes.

Dexheimeret al!® observed a temporal oscillation in the 2 0o 2 4
time-resolved transmittance pPt(en)][ Pt(en)Br,](PFs)4
(abbreviated as Pt-Br/PF belovilhis system consists of the
same chain structure as Pt-Br of alternating Pt and Br ions. g, 6. Time evolution of luminescence in Pt-Cl at indicated
The Fourier power spectra of the data shows two peaks &mission photon energies. The experimental and calculated results
110 and 175 cm'. The peak at 175 ¢ corresponds to  are shown as solid and dotted lines, respectively. The luminescence
the symmetric stretching mode in Pt-Br/PF. It should bein the energy range between 1.4 and 1.8 eV could not be observed
noted that the frequency is very close to that in Pt‘Bable  because of the strong stray light of SH generated at the nonlinear
). The peak at 110 cit corresponds to the self-trapping crystal.
mode. This frequency is very close to that in Pt-Br
(115 cm ). The oscillation of the mode decays very fast figure, this rise becomes faster in the low-energy side of the
and disappears after 1 ps. This fact is in good agreement witluminescence band. The rise below 0.91 eV is very fast and
our previous result in Pt-Bf. limited by the experimental time resoluti@ga60 3. In the

data below 0.95 eV, we can find the appearance of a fast
decay component of the lifetime of about 1 ps. As seen in the
C. PtCl figure, the intensity of this component relative to the slow

In the previous report on Pt-Gf the detection energy decay component becomes stronger at lower photon energy.
range was limited above 0.95 eV. By observing the luminesThe lifetime is very close to that of the fast component in the
cence below 0.95 eV, we have found a new fast decay conhigh-energy side, and becomes shorter with decrease of the
ponent. Here, we report the overall behavior of luminescencdetection energy.
which include the new fast component in the low-energy We apply the model to the present result in Pt-Cl. The
side. In the experiment, the sample at room temperature igalculated results are shown in Fig. 6 as dotted curves. The
excited at 3.2 eV by the light polarized parallel to the chainvalues of fitting parameters used in the calculation are shown
axis. The excitation energy is in the high-energy side of theén Table Il. The electronic excitation energyis determined
CT absorption band. It produces the excitons with large exto be 2.6 eV. This energy is in the low-energy side of the CT
cess kinetic energy. The polarization component of luminesabsorption band. The lattice relaxation enegyy is deter-
cence parallel to the chain is observed. mined to be 0.66 eV. The and E g give the stationary

Figure 6 shows the time evolution of luminescence at thduminescence peak at 1.28 eV €— 2E ), which is very
emission photon energies from 0.85 to 2.1 eV. Around theclose to the reported valdeThe initial spectral width of hot
peak of the band1.2 eV), the luminescence decays slowly. luminescencé,, is given roughly by the band width of the
The lifetime of the slow decay component is®800 ps!?In  excitation light pulse. The final spectral widy+D; is
addition, a fast decay component appears at the high-energletermined to be 0.235 eV. This width is equal to the FWHM
tail of the band(above 1.8 eV. It decays within 1 ps and of about 0.55 eV, and is close to the real width of the sta-
becomes faster in higher energies. The intensity of the fagtonary luminescence in Pt-Cl at room temperature. The life-
decay component relative to the slow one increases with inime of STE 7 is experimentally determined. The oscilla-
creasing emission photon energy. Around the peak energijon periodT at the central phonon frequeney, is assumed
(1.2 eV), the luminescence rises slowly. As can be seen in théo be 140 fs. This period is a little longer than the period of

2.1eV

Luminescence intensity (arb. units)

|'\)—!||||||4!

Time (ps)
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the symmetric stretching mode in Pt-Cllable ). It is as- . I 3 ]
sumed from the analogy of Pt-Br in which the oscillation E 14eV 3t 1.0eV 1
periodT is a little longer than that of the symmetric stretch- : ] :
ing mode. The other three paramet®é/s, W,, anda have to

be determined from the fitting of the calculation data to the
experimental results. They determine the shape of the func-
tion J'(w). Here, to reduce the degree of freedom, the ratio
W, /W,=14/3 is assumed from the analogy of the result in
Pt-Br. This assumption enables us to obtain unique values of
aandW,; (andW,). The obtained’ (w) spectrum is shown

in Fig. 3. The model calculation is performed with the con-
volution with the system response function.

As shown in Fig. 6, the calculated results are in good
agreement with the experimental ones. They have repro- : | I ]
duced the following important features of the experimental O T | P prons -
data:(1) the fast rise and decay in the high-energy tail of the 0 4 8 0 4 8
luminescence bangbove 1.8 eV, (2) the slow rise around Time (ps)
the luminescence pedk.2 eV), (3) the faster rise at lower
energy in the low energy side of the luminescence Haed
low 1.2 eV), (4) the appearance of the fast decay componen
in the low-energy tail of the luminescence bahelow 0.95

T
N
N
[¢))
<

|

T
o
oo
()
<

1

Luminescence intensity (arb. units)
“\

FIG. 7. Time evolution of luminescence in Pt-l. The emission
Photon energy is indicated for each data. The dots are experimental
data. The solid curves are fitting ones that assume double exponen-

. . . tial decay. They are obtained from the convolution with the system
eV), and (5) the intensity ratio between the fa;t and slow response function. The sample is excited by the light polarized
decay components. The excellent agreement with the expercji—long the chain axis fl,,.=0°, refer to the inset in Fig. 9. The
mental data: which includes the_ presence of the fast decaB(olarization component of luminescence parallel to the chain is ob-
component in the low-energy side of the band, assures U eq Oum="0°).

that the observed time dependence within 2 ps reflects the
lattice relaxation of excitons. The system during the proceSEomponent ¢=650 fs), the dependence of the lumines-

is expressed as the oscillating wave packet on the interactiofhyce on the excitation polarization direction is observed as
mode. However, it is not observed explicitly. Probably it iS shown in Fig. 9. In the measurement, the polarization com-
because the oscillation period is shorter than the experimens,nent of luminescence parallel to the chain axis is observed
tal time resolution(160 fs. (6,um="0°). Wewill use below the angle§,,, (luminescence
polarization directiopand 6, (excitation polarization direc-
D. PLI tion) which are defined by an inset in Fig. 9. As can be seen
in the figure, the fast decay component does not appear at all
Here, we describe the experimental results in Pt-1. In theinder the excitation polarized perpendicular to the chain axis
experiment, the samples at room temperature are excited gy_, =90°). As the excitation energy of 1.6 eV is in the
1.6 eV. This energy is at the high-energy side of the CThigh-energy side of the CT absorption band which is polar-
absorption band. ized strongly along the chain axis, this data shows the initial
Figure 7 shows the time evolution of luminescence in Pt-Istate of luminescence of the fast decay component is created
at various photon energies from 0.7 to 1.4 eV. The experifrom CT excitons on the chain.
mental data are shown by dots in the figure. In the measure- Next, the polarization of luminescence itself is examined.

ment of the data in Fig. 7, the excitation light is polarized The time evolution of luminescence at 0.95 eV of several
along the chain axis of the crystal, and the polarization com-

ponent of luminescence parallel to the chain is observed. The 800 prrrrrrrrrprrr e
time dependence can be expressed by the double exponential E E
decay I(t)=(1—e Y7 (l;e V+1,e7 V7). The fitting sook. ° °° oo ]

curves are shown in the figure by solid ones. The faster de-
cay component has a lifetimg of about 650 fs. This com-
ponent is observed all over the detection energy range. The
small deviations of the fitting curves from the experimental
data before=0 are probably due to an experimental artifact. E ]
They, however, does not affect the estimation of the lifetimes 200F 3
7+ and 7 which are sufficiently long. The dependencerpf : ]
on the emission photon energy is shown in Fig. 8. g

The observed time evolution of luminescence in Pt-l is .
very different from those in Pt-Cl and Pt-Br where relatively
slow decay is observed around the peak. In contrast, we can
not observe such slow decay even at energies close to the FIG. 8. Emission photon energy dependence of the lifetipef
peak (0.6 eV). To investigate the origin of the fast decay the fast decay component in Pt-I.

400F ° 3

Lifetime (fs)

o bty bstere by dd
1.0 1.2 1.4
Photon energy (eV)
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1.0 TABLE Ill. Lifetimes of STE in PtX at room temperature de-
. 6 oxc OF B termined by the luminescence decay.
__é. 08 L Bexc =0 ’
g Pt-X Lifetime (p9)
E 06 "+ Light polarization
= ) Pt-Cl 30+10
I Pt-Br 551
T 04 exc = ° »
£ NG o Pt-| 0.65+0.05
5 Chain axis
Zz 02f
0.0 M increasing the detection photon energy. It becomes about 400
-2 0 2 4 6 fs at 1.4 eV. From the analogy of the results in Pt-Cl and
Time (ps) Pt-Br, we suppose that the shortening of the lifetime at

higher photon energy reflects the vibrational relaxation of
FIG. 9. Time evolution of luminescence at 0.95 eV in Pt-l for STE. The luminescence lifetime of 65®0 fs near the peak
two different excitation polarization direction®{,.=0° and 90°). energy(0.6 eV) gives the lifetime of STE itself. Although we
The polarization component of luminescence parallel to the chain ighserved slow rise of luminescence around the peak due to
observed ¢ym=0°). The fe, and 6y, are the angles of the exci- the yjprational relaxation of STE in Pt-Cl and Pt-Br, we do
tation polarization direction and the luminescence polarization di'not observe it in Pt-l because the lifetime of STE itself is
rection, respectively. They are defined in the inset where the Pt'éxtremely short
chain is illustrated. The STE lifetime in Pt-I at room temperature is recently
, o o .. reported to be much longer than a few picoseconds from the
different polarization direction),, (=0, 30, 60, and 90°)  regyits of the time-resolved reflection spectroscddgiow-
is shown in Fig. 10. The sample is excited by the light po-ayer, the lifetime determined here from the luminescence de-
larized at four different angles relative to the chaf(= cay is much shortef650 fs.
—45, 0, 45, and 90°). As clearly seen in the figure, the fast 'as can be seen in Fig. 7, an additional slow decay com-
decay component is strongly polarized along the chain axigonent with the lifetimer, of 5+1 ps is observed around 1
independently of the excitation polarization direction. Thisgy/ This component is observed even under the excitation
shows the transition dipole moment of the fast decay comg g arized perpendicular to the chain axiBig. 9, Oey
ponent is always parallel to the chaln.aX|s. As this polarize L 90°). The Iluminescence of the slow decay component is,
luminescence has a very broad balfiag. 7), it should be  phowever, strongly polarized along the chain &fiig. 10. At
attributed to the recombination of localized CT excitons ONpresent, we tentatively attribute it to the luminescence of
the chain, i.e, STE's. _ STE'’s perturbed by lattice imperfections or to the radiative
As the stationary luminescence of STE in Pt-l has th&gecombination of polaronic defect states on the chain. It is
peak at about 0.6 eVTable ), the observed emission energy pecayse the relative intensity of this component to the fast
rgnge(from 0.7 to 1._4 eV corresponds to the _hlgh—energy decay component depends strongly on samples.
side of the STE Iumlnescence_ ba_nd. The lifetimeof the _ Although the phonon frequency is expected to be lower
fast decay component shown in Fig. 8 becomes shorter witthap those in Pt-Cl and Pt-Br, we have not observed the wave
packet oscillation in Pt-I. It might be due to the rather worse
time resolution of the measuremgif70 fs.

1.0
08

08 E. Comparison of lifetimes of STE in PtX

o4 Lastly, we compare the lifetimes of STE in Rt{X=Cl,

Br or I). In Table I, the lifetimes at room temperature de-
termined in this study are summarized.

The observed lifetimes should be ascribed to a nonradia-
tive annihilation process, because the radiative lifetime of
STE in PtX has been estimated to be much lon@ge+6 ng
from the oscillator strength of the CT transiti6hThis pro-
cess is a thermally activated one in Pt-Cl, as assured by the
temperature dependence of the luminescence lifetfndes
seen in the table, the STE lifetime depends strongly on the
bridging-halogen ion. It becomes shorter with increasing the
halogen ion radius. This fact is in good agreement with the
stationary luminescence intensity of Rtwhich becomes

FIG. 10. Time evolution of luminescence in Pt-I at 0.95 eV of weaker with decrease of the CT gap enetyy.

0.2
0.0

1.0
0.8
06

0.4

Normalized luminescence intensity

Time (ps)

several different polarization directior,,, (=0, 30, 60, and 90°). lwand?* theoretically investigated the relaxation process
The excitation light is polarized at the anglég.= (@ —45°, (b) of STE in PtX by calculating the adiabatic potential energy
0°, (c) 45°, and(d) 90°. surfaces with the so-called 1D extended Peierls-Hubbard
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data which support this speculation is that the charged-
soliton pairs are efficiently produced by photoexcitation in
narrow CT gap PX systems? In Pt-Cl and Pt-Br, the sys-
tem is temporarily thermalized around the local potential
minimum of STE due to the relatively higher energy barrier
: § g (process A in Fig. 1L Then, it goes toward the soliton-pair
wlE & g -»'X' st state by thermal activatiofprocess B In Pt-I, on the other

= hand, the system seems to go toward the soliton-pair state
before it thermalizes within the STE configuratigurocess
B’) because the STE lifetime in Pt-1 is extremely sh@&%0
fs) and the time evolution of luminescence depends scarcely
on the emission energfFig. 7). This lifetime is as short as
FE twice the oscillation period in the STE state which is recently

Soliton-antisoliton distance - reported to be 270 fs (122 cmin frequency.?° This quali-

o _ tatively different dynamics should be caused by the relatively
FIG. 11. Schematic diagram of the relaxation processes on thgyyer energy barrier.

first excited state potential surfad@gt is the configuration coordi-
nate of the interaction mode in the self-trapping procésex-
presses the distance between a soliton and an antisoliton. The po-
tential energy of the darker area is higher. The vertical arrows mean The ultrafast relaxation dynamics of photoexcited CT ex-
the vibrational relaxation of STErocess A The horizontal arrow  citons in typical 1D strongly coupled electron-lattice sys-
is the relaxation from STE to soliton-pair state in which the systemtems, quasi-1D halogen-bridged Pt complexes has been com-
crosses over the potential barrier at the saddle prdcess B prehensively studied by femtosecond time-resolved
The dashed arrows express the relaxation to the soliton-pair stajgminescence spectroscopy. In Pt-Br, the frequency spectrum
before the thermalization within the local potential minimum of ¢ 1) 1k phonons which compose the interaction mode of the
STE (process Bj. Most of the STE’s nonradiatively return back to self-trapping process is estimated by applying a calculation
the ground state before complete dissociation to the soliton pairs a%0del to the previous results. From the spectrum, the phonon
rep.resem.ed by a cross In the figure, and the rest become perSiSt?ﬂbdeS which contribute to triggering the Iocaliza{tion of the
soliton pairs(dotted ling (Refs. 23,24 electronic wave function and stabilization of the localized
state are discussed. In Pt-Cl, new short-lived hot lumines-
Zence is found in the low-energy side of the STE lumines-
nce band. The overall behavior of the STE luminescence

; ; r\ﬁlithin 2 ps including the hot luminescence is well repro-
the ground statéhe uniform CDW stateis connected to the duced by the same model with assuming an appropriate pho-

spin-soliton-pair state. The potential energy surface of thehon spectral density function, and is understood by the vi-
first excited state is illustrated in Fig. 11. The vertical axisy, . o+onal relaxation of the ST,E In Pt-I. it is found that the

Qs is the configuration coordinate of the interaction modegTe nas much shorter lifetime than in Pt-Cl and Pt-Br. By

in the_ sel-trapping process. The horizonta_l alx_iexpresses comparing the lifetimes in the three Rtsystems at room
the distance between a soliton and an antisoliton. The rela)i'emperature it is found that the lifetime becomes shorter

ation along this axis means the dissociation of exciton to th%vith decrease of the CT gap energy. This is attributable to the

charged-soliton pair, which is possible in the doubly degen] . fth barrier heiaht in th diati )
erate 1D CDW state. The system can return nonradiatively tﬁ)i\rl]vi?;;il% Opathe energy barrer height In the nonradiative an

the ground state via the soliton-pair state which is separated
from the STE state by a small energy barrier. This relaxation
process has been proposed for the excited-state dynamics in
relative systems of PX-? It is indicated by a solid arrow B The authors thank Professor Y. Kayanuma and Professor
in the figure. The stability of the STE in Pi-depends on the S. TanakaOsaka Prefecture Universjtyor stimulative dis-
energy barrier height at the saddle point and is reflected igussions. This work has been supported by Grant-in-Aid for
the luminescence lifetime. Scientific ResearcfAd), (B) and Grant-in-Aid on priority ar-

From the observed dependence of STE lifetime on theas, “Photo-induced Phase Transition and Their Dynamics,”
bridging-halogen ion, it is supposed that the barrier becomeom the Ministry of Education, Culture, Sports, Science,
lower with decrease of the CT gap energy. An experimentaand Technology of Japan.

~ Charged-soliton pair

Self-trapping mode

IV. SUMMARY

model. With moderate values of material parameters, h
showed that the charged-soliton-pair state is on the sal
potential energy surface as the STE state. On the other hal
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