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Subpicosecond dynamics of excitons and photoexcited intrinsic polarons
in the quasi-one-dimensional solid PtCl
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Subpicosecond transient absorption~TA! spectroscopy was used to identify excited states, and to measure
their relaxation kinetics as a function of excitation wavelength in the halogen-bridged transition-metal (MX)
compound PtCl. For pump photon energiesEpump between 1.3 and 1.8 eV, below the threshold for exciton
formation, intrinsic polarons are photoexcited and decay within 1–3 ps. Excitation into the exciton absorption
tail ~2.0–2.3 eV! yields singlet excitons that rapidly decay into an even-parity state, which has a lifetime~;100
ps! varying with the intial photon energy. Excitation~3.1 eV! well above the exciton threshold appears to
generate more slowly decaying excitons, as well as polarons that are formed upon exciton dissociation. The TA
spectra also indicate that relaxation of excitons forEpump.2 eV is mediated by large-amplitude vibrations
perpendicular to the chains. Using third-harmonic generation spectroscopy in addition to TA, we develop an
energy-level diagram for the excited states, including polaron levels, and the lowest odd- and even-parity
excitons.@S0163-1829~97!02526-5#
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I. INTRODUCTION

The halogen-bridged transition-metal (MX) compounds
are of interest from a fundamental point of view because t
exhibit a wide variety of broken-symmetry ground states a
excited electronic states that are unique to one-dimensi
~1D! systems.1 The ground state, for example, can be tun
chemically, from a strong charge-density wave~CDW! with
large lattice distortion~PtCl!, to a weak CDW with small
distortion ~PtI!, to an undistorted magnetic state~NiBr!.
Thus, MX solids provide a convenient means for studyi
competing electron-electron and electron-phonon inte
tions, which may help elucidate the behavior of more co
plex higher-dimensional systems. For example, a close a
ogy exists between the electronic properties ofMX chains
and those of CuO planes of high-temperatu
superconductors.2 From a practical standpoint, these mate
als serve as models for the active semiconductors in dev
such as light-emitting diodes and solar cells because of t
remarkable tunability in the bandgap upon chemi
substitution1 or hydrostatic pressure.3 In contrast with con-
ducting polymers, another class of 1D systems,MX solids
grow as single crystals with primarily intrinsic disorder a
sociated with zero-point motion and thermal fluctutations4

The excited electronic states of 1D compounds have
ditionally been described by semiconductor band model5,6

Recently, however, there has been growing experimental
dence that excitations in conducting polymers more clos
resemble those of their molecular analogs, the fin
polyenes.7 The electronic states can be described as excito
bands, with symmetries reflecting theC2h point group of the
560163-1829/97/56~5!/2501~9!/$10.00
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polymer chains. Similarly, for PtCl, in which excitations a
very localized,6 both experiments8 and theory9 indicate that
an excitonic rather than band picture is more appropria
The lowest energy odd-parity excitonu1u& has a threshold a
10 K of 2.4 eV,4 and is associated with the transfer of a
electron from the Pt21 band to the Pt41 band. Above the
exciton band is another broad featureu2u&, with a threshold
of about 3 eV, which can be ascribed to either a continuu
a higher-energy exciton or a transition across the cha
Electroabsorption8 and third-harmonic generation~THG!
measurements10 suggest the presence of an even-parity ex
ton umg& in the energy range between 3.4 and 3.8 eV. T
results of steady-state photoinduced absorption, phot
duced Raman spectroscopy, and light-induced electron p
magnetic resonance measurements have been interp
within a band model in terms of the existence of nonline
localized excited states associated with the 1D nature
MX systems, such as solitons and polarons.11 These states
can either exist as intrinsic defects in the materials, or
generated by photons of energy greater than the optical
Transient absorption data have also been explained by
simultaneous photogeneration of self-trapped excitons
polarons.12 In all of the above cases, the photon energy of
exciting light (Epump) exceeded the optical gap of th
sample, and was therefore expected to give rise primaril
excitonic species. For lowerEpump, disorder plays an impor-
tant role. In conducting polymers, for instance, the typica
broad distribution of conjugation lengths may be the m
contribution to the tail of the absorption spectrum. Cos
quently, it has been suggested that as the excitation ener
lowered within the tail, excitons of greater spatial extent a
2501 © 1997 The American Physical Society
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2502 56G. S. KANNERet al.
formed. The more tightly bound excitons created w
higher-energy photons, however, decay faster presum
because of the larger number of accessible states to w
they can hop, as revealed by transient luminescence and
sorption measurements in poly~paraphenylenevinylene!
~PPV!.13 The situation in orderedMX solids is different be-
cause of the lack of structural inhomogeneity.4 Instead of
generating excitons, subgap excitation may give rise prim
rily to excited states of species that already exist as intrin
defects, such as electron~P2) and hole (P1) polarons, which
are correlated with a subgap ‘‘A’’ band at 1.65 eV in the
linear absorption of PtCl.14,15

It is the purpose of this work to identify excited states a
their relaxation dynamics as a function of excitation in
three regions of the linear absorption—below, within, a
aboveu1u&—and to understand the nature of intrinsic vers
extrinsic disorder, which characterizes photoexcited state
orderedMX solids and typical conducting polymers, respe
tively. In this work we describe experiments on the stron
localizedMX compound@Pt~en!2#@Pt~en!2Cl2#•~ClO4!4 ~Fig.
1!, where~en! represents ethylenediamene; we shall refe
this solid as PtCl.

II. EXPERIMENT

A Coherent Mira Ti sapphire laser with 200 fs pulses
800 nm and 76 MHz repetition rate was used to see
Quantronix optical amplifier, producing 250 fs pulses each
500 mJ at 1 kHz. These pulses then produced a white li
continuum in a cell of flowing water. About 5% of this ligh
was used for a probe beam, the rest, time-delayed and
spectrally narrowed with a 10 nm bandwidth interferen
filter for wavelengths from 550 to 900 nm; this portion co
stituted the pump. For measurements with excitation at
nm, we frequency-doubled part of the amplifier output in
200mm thick BBO crystal. A different PtCl crystal was use
for eachEpump to exclude effects due to the excitation wav
length dependence of long-lived defect states.16

A 29831152 pixel Princeton Instruments CCD coupled
a 0.15 m Acton spectrometer was used for detection of

FIG. 1. Structure of theMX compound PtCl, showing section
of two adjacent chains with perchlorate counterions between th
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photoinduced changes in transmission2DT/T of the probe
in the spectral range from 1.2 to 4.0 eV. However, since
samples of PtCl were relatively thick~60–300mm!, it was
not possible to detect the transmission of probe light po
ized parallel to the chains for photon energies above 2.2
Transmission measurements through a PtCl plate were
performed as a function of laser intensity using a Si pho
diode and an oscilloscope to look for evidence of nonlin
absorption due to the pump beam. The laser power was
ways kept below the threshold for saturation of the detec

The transient absorption~TA! spectra were numerically
corrected for the chirp of the continuum, which correspon
to differences in arrival times of the different waveleng
constituents due to self-phase modulation and group velo
dispersion primarily in the 1 cm thick cell of water. Th
chirp dynamics was determined by measuring the TA sig
for various time delays in ZnSe; the signal is ostensibly d
to an instantaneous two-photon absorption~TPA! when ex-
cited simultaneously by one photon each from the pump
probe beams. TPA from either beam alone was not poss
since the peak intensity was orders of magnitude below
threshold ('1011 W/cm2) for generating free carriers.17

Moreover, the subpicosecond response at each probe w
length indicated that such a process, which has a lifetime
more than a 1 ns inZnSe,17 was not operative.

The spectrum of the absolute magnitude of the third-or
optical nonlinear susceptibilityx (3)(23v;v,v,v) of PtCl
was measured with the output of an optical parame
generator/amplifier~OPG/OPA! comprising two beta barium
borate ~BBO! crystals cut for type-I phase matching, an
aligned for single-pass pumping using the frequency trip
~355 nm! output from a mode-locked Nd:YAG laser~Con-
tinuum Model PY 61! with 35 ps pulsewidth and 6 mJ pe
pulse at 10 Hz repetition rate. The infrared output~idler
beam! from the OPG/OPA constituted the fundamental be
in the third-harmonic generation~THG! experiment, and was
focused onto the sample by a 5X microscope objective,18

whereas the visible output~signal beam! was used to monitor
the pulse-to-pulse fluctuation of the laser. In spite of the ti
focusing of the idler beam, we found no contribution to t
third-harmonic signal from the air to which the sample w
exposed. The sample was mounted on a rotational stage
generation of Maker fringes. At each wavelength, thir
harmonic signals from the sample and from the fused si
substrate were measured in sequence. Assuming a valu
x (3)(23v;v,v,v) for fused silica of 3.1310214 esu,19 we
calculated that for the sample according to19

xs
~3!~23v;v,v,v!5x ref

~3!A I s

I ref
S ns

nref
D 2 Ls

L ref
Ks ; ~1!

Ks5
ln T323 lnT1

T3/22~3/2!T1
, ~2!

whereI is the intensity of the third-harmonic signal obtaine
from fitting Maker fringes,n is the index of refraction,L is
thickness, and the subscriptss and ref refer to the PtC
sample and substrate, respectively.Ks is a correction factor
for absorption~a1 anda2! of both the third-harmonic signa
and incident fundamental beams, with transmission coe
cients T15exp(2a1Ls) and T35exp(2a2Ls), respectively.

.
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56 2503SUBPICOSECOND DYNAMICS OF EXCITONS AND . . .
We assume that the magnitude ofx (3)(23v;v,v,v)
changes slightly according to Miller’s rule in the waveleng
range of 900 nm–1.8mm. The corresponding energy rang
~0.8–1.2 eV! of the incident photons allowed us to fill a wid
gap in the previously measured spectrum.10 All measure-
ments were performed at 290 K with light beam polariz
tions parallel to the axis of the linear chains.

III. RESULTS AND DISCUSSION

A. Excitation regimes

1. Intrinsic polarons

Figure 2 shows the TA spectrum resulting from excitati
energies well below the edge of the exciton. W
Epump51.77 eV~700 nm!, a band initially appears at 1.80 e
~probe energy!, blueshifts to above 2.1 eV within 1 ps@Fig.
3~a!#, and then appears to completely decay@Fig. 4~a!# in 1.5
ps ~the blueshift combined with the lack of transmissi
above 2.2 eV, however, obscure the dynamics for lon
times!. Similar results are observed as we decreaseEpump to
1.38 eV ~900 nm!. For Epump51.38 and 1.46 eV~850 nm!,
however, an additional peak appears that does not shi
energy with time@Fig. 2~b!#. TA band blueshifts have bee
observed for other 1D materials, such as conducting p
mers. In polydiacetylene, for example, a blueshift takes pl
within 0.5 ps and is attributed to the relaxation of the pho
excited exciton into a self-trapped state.20 A similar blueshift
is seen in polyacetylene,21 also within 0.5 ps, and associate
with lattice relaxation around the photoinduced charged
fect.

According to the linear absorption at 290 K,13 photons of
energy below 2 eV cannot generate the lowest optical e

FIG. 2. Transient absorption spectra of PtCl for excitation at~a!
1.78 eV and~b! 1.46 eV.
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ton. Therefore, the observed excitation must arise from ei
a phonon-assisted transition, multiphoton absorption, or
sorption involving an intrinsic defect level. Phonon-assis
absorption is possible, but unlikely, since the vibration m
likely coupled is the symmetric stretchv1 of the Cl atoms
around the Pt4 sites, which has an energyEp of only 0.038
eV.4 In a linear system, excitation at 1.38 eV would therefo
require absorption of about 19 of these phonons, an ev
that has a negligibly small probability. Although higher fr
quency, off-chain vibrations could also be involved in th
process, a large number of quanta would still be required

We checked for two-photon absorption by measuring
intensity dependence of the transmission of the pump be
Assuming rectangular spatial and temporal profiles for
pump, one expects the transmission to vary as

1

T
5

ead

~12R!2 F11b~12R!I 0

~12e2ad!

a G , ~3!

where a and b are one and two-photon absorption coef
cients, respectively,I 0 is the incident peak intensity,R is the
reflectivity, andd is the sample thickness. A significant two
photon component to the excitation should therefore lead
linear increase in 1/T with I 0 . In particular, one might expec
to observe such a nonlinear dependence forEpump,1.8 eV
since there is evidence for an even-parity stateumg& around
3.3 to 3.8 eV.8,10 However, as Fig. 5 shows,T is linear in
pump intensity for allEpump<2.3 eV. ~The large error bars a
low light intensity are associated with the small voltage o

FIG. 3. Evolution of the peak energy of the transient absorpt
band for wavelengths from~a! 700 to 900 nm and~b! 400 to 600
nm.
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2504 56G. S. KANNERet al.
put of the photodiode relative to the sensitivity of the osc
loscope, and the dominance of scattered, rather than tr
mitted light, reaching the detector at these low light leve!
This is not surprising in view of the small pump intensitie
corresponding to the narrow portions of the continuu
which we select but do not optically amplify.

Since we can rule out multiphonon and two-photon a
sorption in association with the pump photons, we conclu
that excitation between 1.38 and 1.77 eV involves intrin
defect levels, most likely the ones responsible for theA band
in the linear absorption. In fact, this band is present in
optical density spectrum of each of our samples, although
intensity relative to the exciton band could not be quantifi
due to the large optical thicknesses of the samples, wh
prevented measurement of the exciton absorption beyon
tail. There is strong evidence that theA band is associated
with polarons,22 the optical transition occurring between th
two gap states. Resonance Raman studies23 have shown that
the A band is actually a composite of absorptions from b
electron and hole polarons, which have different optical tr
sition energies due to charge conjugation asymmetry
MX systems.15 Consequently, we expect there to be sligh
different responses in the TA depending on whether P2 or
P1 is excited. We believe that such asymmetry may be
sponsible for the additional absorption band@Fig. 2~b!# ap-
pearing after 1 ps at 1.95 eV that decays in 2 ps when
pump into theP2 absorption band. Although we do no

FIG. 4. Time dependence of the transient absorption signa
pump wavelengths from~a! 700 to 900 nm, and~b! from 400 to 600
nm. Solid lines are guides to the eye.
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know the parity of the upper polaron state, the TA ba
energy~1.8–1.9 eV! at t50 in Fig. 2, may be consistent with
a transition toumg&.

The blueshift of the TA upon subgap excitation can th
be understood in terms of lattice relaxation of the photo
cited polaron~Fig. 6!. A change in the electron occupancy

r
FIG. 5. Intensity dependence of transmission for waveleng

from ~a! 550 to 900 nm and~b! 400 nm.

FIG. 6. Scenario for photoexcitation of pre-existing polarons
PtCl. The numbers represent the energies of the levels with res
to the ground stateu1g&. Solid and dashed lines with upward arrow
are optical transitions induced by the pump and probe, respectiv
The solid spheres are electrons occupying polaron levelsP1 and
P2 .
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56 2505SUBPICOSECOND DYNAMICS OF EXCITONS AND . . .
the localized states, in general, and the promotion of an e
tron from the loweruP1& to upper leveluP2&, in particular, is
predicted to lead to an evolution of the gap states toward
gap center, concomitant with structural relaxation.6 As this
happens, the probe transition energy fromuP2& to umg& in-
creases. We assume that this level is at 2.0 eV above
ground stateu1g& for both P1 and P2. This is based on the
experimentally observedA band transition energy in th
steady state of'1.3 eV for P2, and 1.6 eV for P1, and an
energy difference betweenu1g& and the lower P1 level, or
betweenu1u& and the upper P2 level, of about 0.4 eV.24

2. Exciton tail states

Excitation into the exciton absorption tail leads to the T
spectra of Fig. 7; Fig. 7~a! shows the TA for pump energ
Epump52.26 eV ~550 nm!. Within the experimental time
resolution a subgap band is formed that can be reasonab
to a Gaussian at 1.80 eV that decays@Fig. 4~b!# with an
exponential time constant of 210 ps. This is close to
relaxation time of 230 ps of the photoluminescence~PL!
induced by 2.31 eV excitation and detected between 1.3
1.5 eV.25 The TA spectrum@Fig. 7~b!# for Epump52.07 ~600
nm! is similar in shape to the one formed upon 2.26
excitation, but, with the improved signal-to-noise ratio in th
spectrum, is more obviously comprised of two bands, wh
are centered at 1.74 and 1.84 eV. The latter has an expo
tial time constantt580610 ps; the scatter in the data for th
other peak at short times complicates the fit, but the ti
constant is approximately the same. This relaxation time i
good agreement with that~100630 ps! found for the PL
decay in PtCl for 2.13 eV excitation.26

FIG. 7. Transient absorption spectra of PtCl for excitation at~a!
2.26 eV and~b! 2.07 eV.
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The observed dependence of relaxation rate on excita
wavelength forEpump.2 eV is opposite that of structurally
inhomogeneous 1D systems. In a disordered form of PtC25

as well as in PPV,13 the PL decay rate increases with bo
excitation energy and detection energy within the tail of t
exciton absorption, and is attributed to an exciton hopp
rate that is proportional to the density of states to which
exciton can hop. In our measurements, the decay rate
creases as we increaseEpump within the tail. The PL results
of Tanino, Rühle, and Takahashi,26 on PtCl also show a de
creased decay rate with detection energy. Although it
been suggested that this behavior is associated
defects,25 both the PL~Ref. 26! and the present TA dynamic
can be fit by simple exponential decays, indicative of
ordered system. In addition, for excitation above the exci
band edge, relaxation mediated by multiple trapping in loc
ized states has been shown for 3D semiconductors to lea
a blueshift of the TA spectrum with time,27 which is not
observed for PtCl@Fig. 3~b!#.

The transient PL in PtCl around 1.8 eV has be
attributed11,25,26 to the lowest odd-parity exciton, which i
predicted to become quickly self-trapped by its strong int
action with the lattice in 1D systems. Another possibility
that we are primarily populating an even-parity stateu2g&
that lies at an energy lower thanu1u&. The dipole-forbidden
transition fromu2g& to u1g& would then explain the weak
ness of the PL intensity~2.5% quantum efficiency!.26 We
conjecture thatu2g& is populated by internal conversion from
u1u& in a time that is beyond our resolution~less than 300
fs!. Such a rapid transition has been observed in molec
analogs of polyacetylene: In excited carotenoids, ene
transfer to chlorophylls occurs through the decay of the lo
est one-photon allowed excited singlet into an optically f
bidden state below it within 200 fs.28 Consequently, we as
sign the high-energy edge of the PL in PtCl at 1.45 eV
u2g&.25 Figure 8 shows the THG spectrum, which we can u
to determine the energies of other excited states. In part
lar, we observe a prominent band for a single photon at

FIG. 8. Spectrum of the absolute magnitude ofx (3).
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2506 56G. S. KANNERet al.
eV, that could arise from two- or three-photon resonances
even a resonance associated with the difference in en
between excited states.29 However, a three-photon resonan
from u1g& corresponds well with a band that peaks at 3.5
in the linear absorption.14 In addition, assuming excitation
into u2g&, the existence of an odd-parity state (u2u&) at 3.3
eV would explain why we observe a TA band at 1.85 e
~Fig. 7!, for both 550 and 600 nm excitations. Unfortunate
it has not been possible to verify the existence ofu1u&
around 2.4 eV through THG spectroscopy since there
gap in the fundamental energy photons that could be p
duced this spectral range.

The origin of the lower energy transition at 1.74 eV@Fig.
7~b!# in the TA for Epump52.07 eV is still not clear, but is
probably related tou2g& because their dynamics are simil
to each other. However, the small difference in the TA sp
trum and the faster relaxation for this excitation energy co
pared to the case forEpump52.26 eV, is tentatively attributed
to correspondingly different distributions of vibrationally e
cited states created within theu1u& potential surface.

Although competition between theu2g& and relaxed
u1u& leads to a reduced efficiency of PL from the odd-par
state, we do not see distinct bands in the TA spectrum w
different dynamics from each other. Since the relaxation
pears instead to be uniform across the spectrum, we be
the PL is almost entirely fromu2g&. In addition, impurities
and interchain interactions can lead to a mixing of even
odd states, causing the lowest excitonic state to have an
parity component, and increasing the PL efficiency from t
level. Figure 9 shows an energy-level diagram for the p
cess of exciton formation ignoring such mixing. An electr
is initially pumped fromu1g& into u1u&. However, as a resul
of structural relaxation the exciton quickly becomes loc
ized and relaxes intou2g&. This can be simply modeled b
the rate equation,

dn1

dt
5n0Wpu2n1nPL , ~4!

FIG. 9. Scenario for photoexcitation of excitons in PtCl. T
numbers represent the energies of the levels with respect to
ground state. Solid and dashed lines with arrows pointing tow
the top of the page are transitions induced by the pump and pr
respectively. The line with the downward pointing arrow represe
internal conversion fromu1u& to u2g&.
or
gy
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wheren0 is the electron density in the ground state, andn1
that in u2g&, Wpu is the pump rate, andnPL is the rate of
relaxation out ofn1 , which has been determined from tra
sient PL. We assume in Eq.~4! that relaxation fromu1u& to
u2g& occurs within the widtht of the pump pulse. IfN is the
initial population of the ground state, we have

n1~ t !5Ne2nPLtE
0

t

dt8Wpu~ t8!enPLt8, ~5!

where we have assumed that excited populations are s
compared ton0 , which therefore remains relatively constan
The change in absorption associated with transitions fr
u2g& is then

Da;E
2`

1`

dt8n1~ t8!I pr~ t2t8!, ~6!

where I pr is the intensity of the probe pulse. For a squa
pump pulse witht!1/nPL , which is satisfied in our experi
ment sincet'0.3 ps and 1/nPL'102 ps, Eq. ~5! gives n1
;exp(2nPLt). Since the probe pulse is also short with r
spect to the lifetime ofu2g&, the TA @Eq. ~6!# will apparently
have the same time dependence as the PL, which is wha
observe.

A puzzling aspect of the data is the apparent lack
bleaching in the TA spectra. For exciton formation~Fig. 7!,
however, the bleaching is presumably in the high-energy
gion in which light polarized parallel to the chains is com
pletely absorbed. In addition, bleaching of small magnitu
would probably be obscured by the TA that is perpendi
larly polarized. For excitation of pre-existing polarons~Fig.
2! we expect some bleaching to appear at the energy of
defect band in the ground state absorption. However, gi
the larger density of states in the bands, particularly at th
edges, where there is a singularity in 1D, most of the os
lator strength for the transitions associated with this n
state would come from the exciton band, which, as above
beyond our spectral range. In addition, the spatial locali
tion of the polaron may give rise to a bleaching band tha
so broad, that its intensity is below our detection limit. T
blueshift in the TA band shows that the polaron becom
more localized upon photoexcitation since the levels ass
ated with it move deeper into the gap. Thus, the bleach
would be even more spread out after photoexcitation.

3. Excitons and polarons

For Epump53.1 eV ~400 nm! ~Fig. 10!, which is well
aboveu1u&, a TA band appears around 2.0 eV, with a dec
~solid line is a biexponential fit! that is initially faster~1.75
ps! than for the excitations of Fig. 7, followed by a slo
response with a time constant of 750 ps. The fast compon
appears to be associated with a small blueshift of the sp
trum @Fig. 3~b!#, indicative of an optical transition originat
ing from a level that shifts downward in energy during r
laxation, and is similar to what was observed@Fig. 3~a!# for
photoexcitation of intrinsic polarons. For this higher excit
tion energy, however, we ostensibly generate polarons
did not exist in the dark.6 The propensity for generating
charge carriers forEpump above theu1u& exciton band edge
has recently been demonstrated for a wide variety ofMX
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56 2507SUBPICOSECOND DYNAMICS OF EXCITONS AND . . .
systems in CW TA and PL experiments.30 In PtCl this may
occur via phonon-assisted excitation intou2u& ~at 3.3 eV!.
Then if the electron-hole separationr 0 in this state is large,
free carriers may be immediately generated, but quic
evolve into polarons due to the 1D nature of the system.
2u state may therefore be analogous to thenBu conduction
band in conducting polymers, which also has a large thr
photon resonance in THG above that for the 1Bu exciton.31

A slower process of polaron formation would involv
generation of au1u& exciton with enough excess energy
allow dissociation into isolated polarons.16 The redshift@Fig.
3~b!# of the TA spectrum that is observed after 2 ps, b
which lasts about 50 ps, could then be correlated with
transition fromuP1&, which shifts in a direction opposite tha
of uP2&.

6 Assuming final densities of states that were roug
equal to each other, one would expect, under photogen
tion of polarons, the transition probability fromP1 to be
greater than that fromP2 sinceP1 is either singly or doubly
occupied, whereasP2 has either zero or only one electro
This may explain the dominance of the redshift at long tim
but not the initial blueshift.

Excitons that do not dissociate may be responsible for
remaining signal that has a 750 ps decay time const
which is much greater than the relaxation rate for tail-st
excitation @Figs. 4~b!, 7#. The origin of the dependence o
relaxation rate onEpump could then lie in the differences in
the phonon spectra generated in the excited state in
case. For example, as the excess energy increases, the
tion of high-order vibrational modes may increase, leading
lower transition probabilities, and, therefore, slower deca
It could also be argued, in contrast to the density of sta
model, that exciting deeper into the exciton band increa
the electron-hole kinetic energies, causingr 0 to increase, and
therefore leading to an increased recombination time du
tunneling, assuming thatr 0 is smaller than the Coulomb cap
ture radius. This phenomenon has been used to explain
kinetics of TA in 3D amorphous semiconductors as a fu
tion of Epump.

32

B. Intrachain vs interchain interactions

Theoretical studies have shown that the presence of lo
ized nonlinear lattice excitations known as breathers cau

FIG. 10. Transient absorption spectra of PtCl for excitation
3.1 eV.
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the energies of the intragap and band edge levels to osci
with a period equal to the LO phonon lifetime~'250 fs for
PtCl!.6 This oscillation is suppressed by adding a damp
term to the equation of motion of the ions along the chain
suppress the formation of breathers.33 The damping repre-
sents alternative pathways for relaxation, such as 3D inte
tions, and may explain why we do not observe an oscillat
of the TA band energy. The role of interchain interactions
quasi-1D systems has received much attention since it
recently determined, by subpicosecond absorption meas
ments, that interchain excitons may actually be the prim
photoexcitations in films of the conjugated polymer PPV34

The importance of such interactions—between the chain
the ligands and counterions—inMX systems has also bee
demonstrated recently through x-ray crystallography a
resonance Raman measurements.1

Evidence for higher-dimensional interactions in t
present data is a feature in the TA spectra that appears
for Epump.1.9 eV. It has a relatively flat absorption profi
for probe energies above 2.1 and below 1.4 eV@Figs. 7 and
10, and also seen forEpump51.91 eV~not shown!# that dis-
plays the same relaxation dynamics as the prominent ba
but has an onset that is delayed by 0.5–1.0 ps with respe
the pump pulse. Since light polarized parallel to the chain
not transmitted for the high-energy region in which this fe
ture appears, we attribute it to a portion of the white-lig
continuum that is polarized perpendicular to the chains. T
is caused by probe light that leaks through the polarizer p
pendicular to its axis of easy transmission. The origin of t
off-chain absorption is either an induced transition dipo
moment that has a perpendicular component, or an interc
excitation, such as an exciton bound across adjacent ch
We rule out the latter because the dominant excited-s
species for pump polarization parallel to the chains should
the intrachain exciton consisting of neighboring Pt31 sites,
and we expect the relaxation of such a state to be much fa
than that of an interchain excitation. However, the large
cillator strength of this transition and its dynamics, identic
to that of the main TA band, suggest that it originates fro
the same electronic state. An alternative mechanism for
absorption is that the excess energy of the pump beyond
used to create the exciton is channeled into large-amplit
out-of-chain vibrations, leading to the formation of a 2D
3D structural kink in the chain. In conjugated polymers a
their analogous finite polyenes, for instance, photoexcita
is postulated to generate structural distortions involving o
of-plane twists of the carbon backbone, with an associa
electronic state below the lowest optically allowed excit
state.35 In MX systems, energy dissipation via off-cha
modes, like those of the~en! ligands or the ClO4

2 counteri-
ons, is probably favored, since these have much higher
quencies~1113 and 935 cm21 for the symmetric stretches
respectively!36,37 than the intrachain modes, which are co
fined to frequencies less than or equal to that ofn1 at
311 cm21,4,38 and, consequently, would require fewer vibr
tional quanta for relaxation.

IV. SUMMARY AND CONCLUSIONS

A summary of the TA data is provided in Table I. W
observe a dramatic change in the spectrum and in the dyn
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TABLE I. Excited-state properties of PtCl. Assignments, based on Figs. 6 and 9, are given to the
transitions associated with the pump and probe photons. The range of transient absorption peak ene
pump photons of 1.38 to 1.78 eV, and for 3.10 eV, results from transient shifts of the peaks.

Pump photon
energy~eV!

Optical
transition of

pump

Optical
transition of

probe

Transient
absorption
peak~eV! Lifetime ~ps!

3.10 1g→1u,1g→2u P2→3g,2g→2u 1.9–2.1 1.75,750
2.26 1g→1u 2g→2u 1.8 230
2.07 1g→1u 2g→2u 1.74,1.84 80
1.78 P1:(P1→P2) P2→3g 1.8–2.1 ,1
1.66 P1:(P1→P2) P2→3g 1.8–2.1 ,1
1.46 P2:(P1→P2) P2→3g 1.8–2.1 ,1
1.38 P2:(P1→P2) P2→3g 1.8–2.1 ,1
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ics of photoexcited states of PtCl as we tune the excita
wavelength across the edge of the lowest optical exc
u1u&. For Epump well below u1u&, but in resonance with the
A band in the linear absorption, we found that we cou
photoexcite pre-existing polarons with high quantum e
ciency. The resulting species appears to decay within abo
ps. Upon pumping into the tail of the lowest odd-parity e
citon band, a transient absorption signal appears that disp
the same relaxation dynamics as photoluminescence, wit
excited-state lifetime on the order of 102 ps. We believe this
signal originates from an even-parity stateu2g& that is popu-
lated by internal conversion from the initial exciton. F
higher excitation photon energies, we suspect that we ge
ate both excitons and polarons, the latter being created e
as free carriers through phonon-assisted absorption in
continuum, or through dissociation of the 1u exciton. The
excitons that do not dissociate decay intou2g&, giving rise to
a slowly decaying component to the TA and to an off-ch
absorption. Interactions perpendicular to the chain will all
er
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,
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-
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for additional pathways for energy dissipation that comp
with breathers, which may be quenched when other re
ation mechanisms are important.
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