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Department of Material Science and Technology, Hyogo 678-12, Japan 

Abstract Dynamics of photo-induced gap states such as charged-solitons and pola- 
rons have been studied in the [Pt(en)2][Pt(en)21J(C10J4 single crystal using the photo- 
induced ir absorption (PA) measurements. Annihilation processes of the gap states are 
well explained by the bimolecular recombination model. The PA intensities and the 
decay characteristics of both charged-solitons and polarons are strongly temperature- 
dependent. The temperature dependences of the rate constant of recombination for 
both carriers clearly show a crossover of the transport mechanism from hopping to 
tunneling with decrease bf temperature. 

INTRODUCTION 

The great tunability of the CDW states in the halogen(X=Cl, Br, I)-bridged metal(M=Ni, Pd, Pt) 
complex (or equivalently the MX chain compound), has made this a model material for the study 
of photoexcitations under the influence of the strong electron-lattice (e-1) and electron-electron 
interactions in the one-dimensional (1-D) Peierls-Hubbard system.I2 Moreover, the broken 
symmetry degenerate ground states expressed as 

- -X:M4+X:. . . M2?. ~ -XLM4LXI.. . M2?. .XlMkX:  - - .M2?. . .X- 
X:- -. M2?- ~. X r  M%X: -. . M2? - -XrM4+X:. ~ . MZ?. . .XrM4LX:. 

lead to the prediction of spin-solitons and charged-solitons for the elementary excitations as well 
as polar on^?^^ similarly to the conjugated polymers such as trans-polyacetylene ((Ox). 

Our previous measurements of photo-induced absorption (PA) on the MX chain compounds 
having different dimensionality of CDW ([Pt(en)2][Pt(en)2X.J(C10$, (en=ethylenediamine) and 
[Pt(ch~n),][Pt(chxn)~X.JX, (chxn=cyclohexanediamine)) have demonstrated that the two types of 
the gap states, namely, charged-solitons and polarons are ph~togenerated.’.~ In 
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304 H.OKAMOTO e t d .  

[Pt(en),][Pt(en),XJ(C1OJ4 (X=Br,I) where the interchain interaction of CDW is weak, the 
midgap band named as b is observed at almost half of the gap energies, which is attributable to 
charged-solitons. In [Pt(chxn),][Pt(chxn),X.JX, (X=Br,I) having two-dimensionally ordered 
CDW, photogeneration of solitons is suppressed. Besides the midgap band b, there have been 
observed two PA bands a1 and a2 insensitive to the dimensionality of CDW, which are assigned 
to polarons. Spectral shapes of these PA signals due to charged-solitons and polarons are found 
in agreement with those predicted by theoretical models.'.' 

[Pt(en),][Pt(en),I,](C10J4 on the basis of the excitation-power, time and temperature depend- 
ences of the PA signals. (Hereafter, this compound is expressed by Pt-I.) Our attention is fo- 
cussed especially on the transport mechanism of the gap states. The excitation-power and time 
dependences of the PA signals could be explained by the simple bimolecular recombination 
model, and the intensity and the decay rate of the PA signals are found to be strongly dependent 
on temperature. From the analysis of the results in the framework of the bimolecular recombina- 
tion model, we propose the two types of the transport mechanism, hopping and tunneling, for 
both charged-solitons and polarons, depending on temperature. These two types of mechanism 
are well interpreted by taking account of the e-1 interactions and the quantum lattice fluctuations. 
Moreover, the origin of the photoconductivity will be discussed by comparing the activation 
energy of the photoconductivity with that of the recombination rate for photo-products, which 
can be derived from the temperature dependence of the PA signals. 

In this paper, we report the dynamics of the photo-induced gap states in 

EXPERIMENTAL 

The PA measurements were made by using a Fourier-transform infrared spectrometer (Nicolet 
system 800) equipped with an InSb detector. The experimental procedures to obtain PA spectra 
have been reported e l se~he re .~  As the excitation light, Ar laser (5145A) was used. The single 
crystal of the Pt-I compound was synthesized in the same way as reported in Ref2 and mounted 
on the cold finger of an Air Products cryostat allowing control of the sample temperature between 
300 K and 10 K. 

RESULTS AND DISCUSSIONS 

The PA spectra A a  @hoto-induced change of a(=kd)) of the Pt-I single crystal for various tem- 
peratures were presented in Figure 1. Here, k and d are the absorption coefficient and the thick- 
ness of the sample, respectively. In the measurements, the power of the excitation lights was 5 
mW/cm2, and both the excitation lights and the transmission lights are polarized parallel to the 
chain axis b. As previously reported in Ref.5, the structure aI and a2 are assigned to polarons 
and the mid-gap structure b to charged solitons. With increase of temperature, intensities of the 
PA signals sharply decrease, and above 250 K, PA signals cannot be detected. 
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PHOTOEXCITATIONS IN MX CHAINS 305 
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FIGURE 1 The photo-induced absorption spectra in the 
[Pt(en),][Pt(en),I,](C10J4 single crystal. Both of the transmis- 
sion light and the excitation light (5145 A) are polarized parallel to 
the chain axis b. The broken lines indicate Aa=O. 

Before a discussion about the temperature dependences of the PA signals. we will consider the 
annihilation process of the photo-products. As for this, the excitation-power dependence and 
the time characteristics of the PA signals give important informations. The integrated intensities 
of the PA signals $A have been evaluated as a function of the excitation power Iex and the time t 
by fitting the sum of the three Gaussian bands to the obtained PA spectra. In Figure 2, 
plotted against I,, at 77K (open marks) and 130 K (solid marks). The data of 
proportional to the square root of Iex at both temperatures, as drawn by the dotted lines (77K) and 
the broken lines (130K). suggesting a bimolecular recombination of photocarriers. When ne- 
glecting the interaction between polarons and charged-solitons, the bimolecular recombination 
processes are simply expressed by phenomenological rate equations, 

is 
are almost 

dNJdt =a>- kpNt, (14 
dN/dt=cPsI-k8N:, (W 

where N is the number of polarons or solitons per unit volume, I the photon number of excitation 
light per unit volume ( I a  Icx), CD the generation efficiency of photocarriers, k the rate constant of 
recombination. The p and s denote polarons and charged-solitons, respectively. The number 
of carriers in the steady state No (No' for polarons and N," for charged-solitons) is expressed as 
(@ I/k,)"'. The square root dependence of N,4P on I agrees with the observed dependence of 

%P 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
01

 1
8 

Fe
br

ua
ry

 2
01

3 



306 H. OKAMOTO er al. 

FIGURE 2 The integrated intensities I, 
of the PA bands aI (circles), a2 (rectangu- 
lars), and b (triangles) as a function of the 
excitation power I, at 77K (open marks) 
and 130 K (solid marks). The dotted lines 
and the broken lines denote IpAa I,"'. 

3 L 
0 100 200 

Time (sec) 

FIGURE 3 Time dependences of the 
normalized intensities of the PA signals at 
92K. The dotted lines show the eq.(2) for 
the indicated values of k,N,,' and kpN;. 

$A on Iex. The time dependences of NhP are expressed as following simple formula. 

N,(t)/N:=( 1 +kpN,Pt)-' ( 24  
Nit)/"=( 1 tk,N,,?)-* (2b) 

In Figure 3, time dependences of the integrated intensities of the PA signals I, at 92K are plotted 
in logarithmic scale. The charged-solitons detected as the b band are found to be longer lived 
than the polarons detected as the a, and a2 bands. The time characteristics of the PA signals can 

be well reproduced by the broken lines using the eq.(2a,b) with the parameters k,N,' for charged- 
solitons and kpN; for polarons given in Figure 3. This also demonstrates that the bimolecular 
recombination model is appropriate for both charged-solitons and polarons in the Pt-I com- 
pound. 

So far, we have not considered the interaction between charged-solitons and polarons. A 
charged-soliton may coulombically interact with a oppositely charged-polaron. When they 
recombine, a spin-soliton will be produced. Such a recombination process, however, seems to 
be negligible in our case from the following reasons. As demonstrated in our previous studies: 
the absorption band due to spin-solitons is observed as a single band with the energy of 0.82 eV, 
which is clearly discriminated from the PA band of charged-solitons around 0.75 eV and the two 
PA bands of polarons around 0.45 eV and 0.92 eV at 77 K. The spin-solitons are induced in as- 
gown samples probably due to the presence of the finite chains composed of the odd number of 
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PHOTOEXCITATIONS IN MX CHAINS 307 

Pt ions and therefore permanently exist, but their amount is extremely small (ca. lo4 per Pt site). 
If a spin-soliton was generated by the recombination of a charged-soliton and a polaron. the 
absorption for spin-solitons would be observed in the PA spectra. However, there are no PA 
signals due to spin-solitons in the PA spectra under nor after laser irradiations. Moreover, there 
is no evidence of the recombination between charged-solitons and polarons in the time character- 
istics of the PA signals. To take account of the recombination between a charged-soliton and a 
polaron, the term -k,N,Np should be added in the rate equation (eq. (la,b)). Here, kr is the 
recombination rate between a charged-soliton and a polaron. In this case, the time characteris- 
tics of the PA signals necessarily deviate from the equation (2a,b). The experimental results are, 
however, clearly reproduced by the equation (2a,b) as shown in Figure 3. These facts suggest 
that the recombination rate kr is much smaller than ks and kp. The reason why the recombination 
between a charged-soliton and a polaron hardly occurs, is not clear at the present stage. Further 
studies will be necessary to solve that. 

Next problem is to clarify the transport mechanism of photocarriers. Important informations 
about that can be obtained from the temperature dependence of k, and kp. We measured the time 
dependences of the PA spectra at the various temperatures and evaluated the values of khp. As 
mentioned above, N04P=(@)4pJ/kJ0.5, according to the bimolecular recombination model. so that 
temperature dependence of (N;P)-’ or equivalently I,-’ reflects the temperature dependence of 
k%p, if the generation efficiency of photocarriers QSp is independent of temperature. The linear 
relation between k,, and IPA-’ can be examined by evaluating the k,p values at various tempera- 
tures. As shown in Figure 3, ksN,” and kpNoP are the fitting parameters to reproduce the time 
dependences of the PA intensities. Therefore, we displayed the relation between krpNohP(cc 

kSjpA) and in Figure 4 for b and a2 bands at the several temperatures. With increase of 
temperature, the values of both k,Nt and kpN,P increase showing that the decay of PA signals 
becomes fast. As clearly seen in Figure 4, $A-1 is proportional to kNo for both carriers, that is, k 
is proportional to I,-’. This linear relation demonstrates that the temperature dependences of 
generation efficiency of carriers, OS for charged solitons and @ for polarons, are negligible as 
compared with those of ks and kp, respectively. If Qsp was strongly temperature dependent, the 
temperature dependence of IPA-’(oC (k,p0/@hp0)0.5)  should not be equal to that of khpNaap(oc 

P 

~,p0@,p0)0~5). 
We Cannot obtain the values of kpN; (or kp) above 130 K and the values of k,N; (or k) above 

200 K, since the PA signals decay faster than the time resolution of our PA measurements (ca. 5 
sec). It is, however, possible to evaluate the temperature dependence of k from those of I, in 
the higher temperature regions by assuming the linear relation between 

Figure 5 is the Arrenius plot of [IpAO/IpA(77K)]-2 for aI2 and b bands, which shows the 
temperature dependence of kp for polarons and ks for charged-solitons, respectively. In the 
temperature regions above 120 K for polarons and above 200K for charged-solitons, the intensity 
of the PA signals remarkably decreases with increase of temperature. As seen in Fig.5, 
[$,(T)/$,(77K)]-’ in these high temperature regions almost follows the activation type formula 
[exp(-A/kT)] as plotted by the dotted lines. In the present case, khp (oc[I,~/I,(~~K)]-~) is 
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308 H. OKAMOTO er al. 

0 
A 
0 A :  92K 

0 :  lO8K 
C .  115K 
D :  125K 
E :  136K 
F :  150K 

C G :  156K 
H .  170K 
I . 190K AA 

1 J 
2 5 lo-' 2 5 

k,N& k,N[ (s-') 

FIGURE 4 Relation between 
indicate $A-loc k8N,' and kpN:. 

and khpN,LP. The dotted lines 

determined by the encounter rate for photocarriers, so that the temperature dependence of khP is 
considered to show the temperature dependence of the mobility of the photocarriers, pa for 
charged-solitons and p, for polarons. As a result, A which is estimated to be 0.76 & 0.1 eV for 
charged-solitons and 0.28 f 0.04 eV for polarons as shown in Figure 5, corresponds to the acti- 
vation energy of p, and pp, respectively. Namely, the carriers are bound to the lattice due to the 
e-1 interaction. In the higher temperature region discussed here, a hopping mechanism domi- 
nates the transport properties of both charged-solitons and polarons. 

The activation energy of the mobility for charged-solitons p, is larger than that for polarons 
p,. Such a difference can be qualitatively interpreted by taking a m u n t  of the width of photo- 
products. When the width of a polaron or a charged-soliton increases, their pinning energy (the 
energy of the potential barrier for their transport) is expected to decrease. Considering that the 
width of a polaron is generally larger than that of a charged-soliton," it is reasonable that the 
activation energy of p, and p,. 

ent mechanism should be considered for carrier transport, since the temperature dependence of 
[$A(T)/$A(77K)]-2 (or p8 and p> is rather small. A reasonable interpretation for the transport 
mechanism in the low temperature regions is a tunneling process. The vibration relating to the 
transport process of polarons and charged-solitons is the stretching mode of the bridging iodine 
ions. According to the Raman measurements, the frequency of the symmetric stretching mode of 
the bridging iodine ions hv, is ca. 130 cm-l.ll The temperature of the zero-point oscillation 
To=hvJ2 is, therefore, 90K. As seen in Figure 5, the critical temperature T, where the transport 
mechanism changes, is ca. 115 K for polarons, which is close to To (WK). It is quite natural that 
a crossover from a classical hopping process to a quantum tunneling process occurs with decrease 
of temperature. For charged-solitons, the critical temperature Tc1200 K is considerably larger 

At the lower temperatures, i.e. Tc120K for polarons and Tc200K for charged-solitons, differ- 
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FIGURE 5 Temperature dependences of the normalized intensi- 
ties of the PA signals [$,0/$,(77K)]". 

than To, so that a phonon-assisted tunneling process might be dominant for the transport. 

energy of photocurrent 
has been estimated about 0.32 eV in the temperature region from 300 K to 260 K." In the 
measurements, the intensity of the excitation light I, was adjusted so that the photocurrent is 
proportional to Iex. Below 260 K, the photocurrent could not be detected because of the limita- 
tion of the sensitivity. This value of & (0.32 ev) is almost equal to the activation energy of kp 
or pp (0.28 ev) for polarons obtained from the PA measurements. This indicates that polarons 
are responsible for the photoconductivities. In fact, it has been ascertained' that the excitation 
energy dependence of generation efficiency of polarons is the same as that of the photoconductiv- 
ities." Using the value of the mobility pp along the chain axis b at 300 K (10 cm2V-'sec-') 
reported by Kurita et al.14 and the obtained value of A for polarons (0.3 ev), and extrapolating the 
data of [I,~/I,(77K)]-2 to 300 K, the mobility for polarons pp at 92 K is estimated about 
5x10" ~m~v-~sec-'. 

Ions between trans-(CH)T and the MX compound. In trans-(CH), the transfer energy T is 
much larger than the e-1 interaction energy S. In this case, charged-solitons and polarons moves 
freely along the chain and the interactions of the gap states with phonons determine their diffu- 

Let's proceed to the discussion about the origin of the photoconductivities. The activation 
along the chain axis b with the excitation light polarized parallel to b 

At last, we will note the difference of the dynamical properties of charged-solitons and pola- 
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310 H. OKAMOTO et al. 

sion con~tants.’~~’ In fact, the PA signals due to charged-solitons generated in a single chain 
decay in subpicosecond time scales by geminate recombinations. and those due to polarons decay 
within several tenth psec by encountering neutral solitons even at low temperatures.’* On the 
other hand, in the MX compound, the e-1 interaction S is comparable to TT* so that solitons and 
polarons are localized with the finite pinning energies. In fact, when changing the bridging 
halogen ion from I to C1, the effect of the e-1 interaction increases and the decay of the PA sig- 
nals has been found to become slower.” This is due to the increase of the potential barrier for 
transport of carriers induced by the increase of Sfl. 

In Summary, both of charged-solitons and polarons are long-lived in the Pt-I compound, 
suggesting their finite pinning energies. The temperature dependences of the rate constant for 
the bimolecular recombination, k, for charged-solitons and k,, for polarons derived from the PA 
measurements, clearly show the crossover of the transport mechanism from the classical hopping 
process to the quantum tunneling process for both carriers. These behaviors of the gap states in 
the Pt-I compound are in contrast with those in tran~-(CH)~. Finally, we emphasize again that 
the PA measurements presented in this paper directly detect the dynamical behaviors of charged- 
solitons and polarons, and enable us to study systematically the transport properties of photocar- 
tiers in the 1-D electron-lattice coupling systems. 

The authors wish to thank Lh. Iwano and Prof. Nasu (KEK) for many enlightening discus- 
sions. 
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