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Abstract The effects of the electron-lattice (e-1) coupling and the interchain interaction on
the gap states in the one—dimensional Peierls~Hubbard system have been investigated by the
photo—induced absorption (PA) measurements of the halogen-bridged metal complexes (the
MX chains; M=Pt and X=Cl, Br or I).

In the complexes having small amplitude of CDW, three PA bands named a, a, and b are
observed. The PA bandsa, and a,, which are insensitive to the interchain interaction, are
assigned to polarons. The decrease of the interchain coupling of CDW leads to a midgap
band b, which is attributable to charged-solitons. While, in the complexes having large
amplitude of CDW, there are observed the two PA bands A and B having the long life time.
Spectral shapes and excitation profiles of these PA bands are considerably different from
those of the a,, a, and b bands. These results suggest that generation processes and stabili-
zation energies of the gap states are strongly dependent on the magnitude of e-1 interactions.

INTRODUCTION

Topological solitons in the one-dimensional (1-D) system with lattice instability, has been at-
tracting much attention after the pioneering work on polyacetylene.! It has been experimentally
revealed that the concepts of soliton and other nonlinear excitations are essential for understand-
ing the optical and magnetic properties as well as the transport properties of the 1-D system.?
Subsequently, the halogen(X)-bridged metal(M) complexes (or equivalently the MX chain
compounds) expressed as [-- M¥P-. X—MZEX-.. . M3P. . X=-M2£X= . ] (0<p<1) have provided a
unique opportunity to study the instability of the 1-D Peierls—Hubbard system, because of the
remarkable tunability of the electronic states.

In the MX compounds, the displacement of the bridging halogen, that is, the amplitude of the
charge—density—wave (CDW) state can be controlled by the replacements of the metal (M=Pt, Pd,
Ni) and the bridging halogen (X=Cl, Br, I) constituting the 1-D chains, and the ligand molecule
and the counter anion surrounding them,3* In the complexes having large halogen distortions, an
electron-hole pair in a chain is strongly localized by the effect of electron—lattice (e-1) interac~
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tion, where the self-trapping of the charge~transfer (CT) exciton and the large stokes shift of the
luminescence have been observed. On the other hand, with decrease of the halogen distortions,
the 1-D electronic states become delocarized. It is expected in this case that the dynamical
behaviors of the low-lying nonlinear excitations, namely the gap states such as solitons and
polarons, dominate the optical and transport properties. In fact, in the complexes having small
halogen distortions, intensity of luminescence is considerably decreased and the photo~current is
enhanced, suggesting that efficiency of dissociation of the photo—excited electron~hole pair
increases.® In addition to the amplitude of CDW, the dimensionality of CDW, i.e. the phase
correlation between the 1-D CDW states can be modified by changing the strength of the inter—
chain hydrogen(H)-bonds.>* Such a control of the CDW states allows us to make an advanced
study of dynamics of the gap states.

In this paper, first, the chemical modifications to control the CDW states are reported. After
that, the results of the photo—induced absorption (PA) measurements on the MX compounds are
presented, where the spectral shapes, time—characteristics, and excitation profiles of the PA
signals have been systematically investigated, concentrating our attention on the amplitude and
interchain interaction of CDW. The PA spectra of the complexes having small halogen distor—
tions are composed of the three PA bands named a,, a, and b. By taking into account the effect
of the interchain interaction on the gap states, the two bands (a, and a ) are assigned to polarons,
and the mid-gap band (b) to charged-solitons. The spectral characteristics of the PA signals can
be directly compared with theoretical calculations®® based on the 1~D Peierls—Hubbard model.
While, in the complexes having large halogen distortions, another type of PA bands with relative—
ly long life time has been observed in common, which are so—called A and B bands.” By com-
paring the spectral shapes and excitation profiles of these PA bands (a, a,, b and A, B), the
effects of e-1 interaction on the gap states will be discussed in detail.

EXPERIMENTAL

The PA measurements in the IR and visible regions were made by using an FTIR spectrometer
(Nicolet system 800) equipped with an InSb or an MCT detector and a 25cm monochromator
(Jasco CT-25) with a PbS cell or a photomultiplier, respectively. As an excitation light, Ar-
laser (5145A) was used. For measurements of the excitation—spectra of the PA signals, a 650W
halogen—tungsten lamp or a 75W Xe lamp monochromized by a f=10 cm monochromator (Jasco
CT-10) was utilized. The experimental procedures to obtain PA spectra (-AT/T: the photo—
induced change of the transmittance spectra T) have been reported elsewhere in detail.’® The
single crystals used were synthesized in the same way as reported in Ref.3.

CONTROL OF THE CDW STATES

The halogen-bridged metal complexes are represented as [M>°A J[M***A X ]Y, (0<p<1) (or
simply {MA_X}Y,), where A and Y are the ligand molecule and the counter anion, respectively.
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In these complexes, the [MA, ] moieties are bridged by the halogen ions (X), and the H~bonds
between the amino—groups of the ligands (A) and the counter anions (Y) support the MX chains,
as schematically illustrated in Figure 1. The 1-D electronic state is composed of dz2 orbitals of
metals and p, orbitals of bridging halogens. In the Pt or Pd complexes, the mono-valence state
[-M2 X= ~MH-X= —ME X~ -M2-X= ] is unstable due to the e-| interaction and stabilized
into the mixed—valence (CDW) state [- - M¥?--X=M*£X=.. . M¥P- .X=——M2*eX~ -],

By replacing the metal (M=Pt, Pd or Ni) and the bridging-halogen ion (X=Cl, Br or I), the
Coulomb repulsion energy (U) on the metal site and the transfer energy (T) between the nearest
neighbor metal sites are considerably changed, respectively, since the sizes of the orbitals are
different among the respective metals (M) and halogen ions (X). Thus, it is expected to obtain a
variety of complexes having different structural parameters; e.g. the valency of the metals (3+p)
and the amplitude of the bridging-halogen distortions A. A is defined as the displacement of the
bridging-halogen ion from the midpoint between the neighboring two metal ions. In addition to
the choice of M and X, A is strongly dependent on the choice of ligands (A) and counter anions
(Y) through the H~bonds. The typical complexes which have been investigated so far in detail,
have CIO; for the counter anion. By replacing the counter anion from ClO] to halogen ions, the H-
bonds between the ligands and the counter anions are strengthened,! which induces the decrease
of the M—M distance L, and, accordingly, the decrease of the halogen displacement A.3

Another important effect of the H-bonds to the electronic state manifests itself in the inter—
chain interaction. In the mixed-valence Pt or Pd complexes with halogens for the counter anion,
a direction of each halogen displacement is two-dimensionally ordered.3* The phases of the
halogen distortions within each chain accord with one another in the bc plane, as shown below.

oo MBI MEEX L L MBFR L L Xe-MBEX . MR . XM
S MEe X MR L M3 P X MR M. X MEeX -
o MEe X MBEX. MR - XM MBS X-MEe X -

(Figure 1 shows the complex having a 2-D ordering of CDW.) This is not due to the overlap—
ping of the electronic states between the chains but to the interchain coupling through the 2-D
tight network of the H-bonds.>*!! So that, although the electronic states are still one-dimen—
sional, a 2-D phase ordering of CDW is formed. However, in the complexes with ClO; for the
counter anion, such an ordering is not formed; the H-bond interchain coupling is weak and the
crystal seems to be purely one-dimensional. The existence of a 2-D ordering of CDW provides
modifications on the photogeneration of the gap states as discussed in the next section.

The lowest excitation of the MX compounds in the CDW states is the CT exciton transition
expressed as (M2*(d®), M*(d®)—»M>*(d"), M**(d")). In Figure 2, the energies of the CT exciton
transition (E.) of the Pt complexes with ethylenediamine and cyclohexanediamine for the lig-
ands are plotted against the distortion parameter d which is defined as 2A divided by L. E_.is
mainly determined by the energy difference (E ) between the M? site and the M# site. The
linear relationship between E .. and d demonstrate the fact that E, is proportional to d (and A).

The {Pt(en),Br}(ClO,), crystal which has been previously studied is in the monoclinic system
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FIGURE1 Schematic structure of the .
halogen-bridged metal complex. H- FIGURE 2 _ The peak energies of tl{e
bonds between the amino-groups of the CT absorption bands (Ey) as a function
ligands and the counter anions (Y~) are of the distortion parameter d in the Pt
shown by the dotted lines. complexes.

with the space group P21/a.12 This crystal is named {Pt(en),Br}(ClO,),-I in this paper (No.5 in
Figure 2). Very recently another polymorphism of this compound named {Pt(en),Br}(ClO,),-1I
(No.4 in Figure 2) has been discovered,'> which belongs to the monaclinic system with space
group C2/m. In these two complexes, the conformations of the ethylenediamine molecules are
slightly different from each other, resulting in the difference of L and A (or d).

The important problem is how the relaxation process of the photo-excited state changes by
decreasing the bridging—halogen distortions. It has been found that in the complexes with rela—
tively large halogen distortions, the photo—excited state is relaxed to the ground state by radiation
of the luminescence with a large stokes shift from the self-trapped exciton state. With decrease
of halogen distortions, the exciton luminescence is considerably decreased; e.g. the intensity of
luminescence of {Pt(en),I}(CIO,), is smaller by more than four orders of magnitude than that of
{Pt(en),CI}(CIO,),, while it has been found that the photo—conductivity is enhanced in the
complexes having small halogen distortions, e.g. {Pt(en),I}(CIO,),' and {Pd(chxn),Br}Br,".
These results suggests that with decrease of the halogen distortions, the radiative decay through
the self-trapped exciton state is suppressed and the nonradiative decay including the carrier
separation process becomes dominant for the relaxation. From these facts, the complexes having
small halogen distortions should be good targets to study the relaxation dynamics of the photo-
excited states related to the gap states such as solitons and polarons.
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THE PHOTO-INDUCED ABSORPTION STUDIES

The PA spectra of {Pt(en),Br}(CIO,),-I, {Pt(en),[}(CIO,),' and {Pt(chxn),Br}Br,'¢ and
{Pt(chxn),I}1, at 77K are presented in Figure 3. The PA measurements are performed on single
crystals for the former three complexes, and on powder samples dispersed in KI pellet for
{Pt(chxn),I}L, since the thin platelet sample cannot be obtained in {Pt(chxn),I}L,. The PA
spectra in Figure 3 give two types of the spectral features of the PA signals in the MX com—-
pounds. In the measurements on single crystals, polarization of both the irradiation light (E_ )
and the transmission light (E) is taken parallel to the chain axis b. In Figure 3, the polarized
absorption spectra (dotted lines) near the absorption edges at 77K are also presented, which were
measured for E//b. The arrows in Figure 3 indicate the peak energies of the CT exciton absorp-
tion derived from the Kramars—Kronig transformation of the polarized reflectivity spectra at RT.

The most striking feature of the PA spectra is that in {Pt(en),Br}(ClO,),-I and
{Pt(en),I}(CIO,),, the PA signal shows a triplet structure, a,, a, and b, while the structure of
{Pt(chxn),Br}Br, and {Pt(chxn),I}1, is a doublet, a, and a;; the mid-gap structure b located at
nearly half of the CT exciton energy, is predominant in {Pt(en),Br}(ClO,),-1 and
{Pt(en),I}(CIO,),, but it does not exist in {Pt(chxn),Br}Br, and {Pt(chxn),I}1,. In the measure-
ments on the single crystals, the PA signals were characteristic only for E//b and no PA signals
could be detected for ELb.

In Figure 4 (1-3), the normalized peak—-intensities (the photo-induced changes of absorption
coefficients Aa) of the PA structures at 77K are plotted against time in the three single crystal
samples. The intensity of the peak b decays in a different manner compared with those of the
doublet, a, and a,. The components of the doublet, a, and a, (or a, and a}) show the same decay
characteristic. Judging from the spectral- and time-characteristics, the optically excited states
include two different types of photo—products associated with the doublet and the mid-gap struc~
ture b.

As discussed in the previous section, the 1-D CDW states of the Pt complexes are character—
ized by the two parameters, the CT excitation energy E . and the distortion parameter d=2A/L.
The relatively small d values, ca. 0.05-0.1, indicate that these complexes belong to the weak or
intermediate e-I coupling regime. An important difference among the four complexes exists in
the interchain interaction. As mentioned above, the CDW states in {Pt(chxn),X}Y, (X,Y=Br,I)
are two—dimensionally ordered, while those in {Pt(en),X}(ClO,), (X=Br,]) are not ordered but
purely one~dimensional. Such a change in crystal structure should be reflected in the PA spectra
as a result of changes to the 1-D electronic states.

In the 1-D Peierls—Hubbard system, several localized levels associated with the 1-D instabili-
ty are considered to exist in an intragap region, as schematically illustrated in Figure 5; namely,
polarons (P~ or P*), and spin— and charged-solitons (S° and S™ or §%).568 The dynamical proper—
ties of these particles are substantially determined by the correlation between the electron-lattice
interaction (S) and the transfer energy (T).> For the weak coupling case (S/T<1), it has been
theoretically demonstrated that two absorption bands arise for a polaron and one mid-gap band
for either of a spin— or charged-soliton.® The transitions due to polarons are indicated by solid
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arrows in Figure 5 (1). (The oscillator strengths of the higher transitions indicated by the dashed

lines are suggested to be extremely weak.) The mid-gap band due to solitons corresponds to

transitions from the valence band (V.B.) to the soliton state or from the soliton state to the con-
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FIGURE S5 Energy level diagrams; (1) polarons (P~, P*), (2) spin-solitons (S°), and (3)
charged-solitons (S7, S*). Possible optical transitions are indicated by arrows.

duction band (C.B.). The recent calculation based on the two-band mode] of the Peierls—Hub~
bard system using reasonable parameters for T, U, and S in the MX compounds, has provided
more detailed absorption spectra for the gap states.” Comparing the energy positions of the

PA bands in Figure 3 with their theoretical predictions, it is natural to assign the doublet to pola—
rons and the b band to spin- or charged-solitons.

These assignments are reasonable, taking account of the interchain interaction. Under the 2~
D phase ordering of CDW, formation of a dissociated soliton pair requires a large scale of misa—
lignment of CDW phases between the neighboring chains, which leads to excess energy of soli-
ton formation. Accordingly, in the 2-D ordered complex, {Pt(chxn),X}Y, (X,Y=Br,]), soliton
formation would be suppressed. On the other hand, a polaron pair does not produce such misa—
lignment of CDW phases, so that polarons are produced even in {Pt(chxn), X}Y, (X,Y=Br,]).

As seen in Figure 4, the decay time of the PA signals decreases with decrease of d. In fact, the
PA signals of {Pt(chxn),I}1, have been found to decay completely at least within 10 seconds at
77K. Such a tendency suggests that with decrease of d, the mobility of the gap states increases
due to decrease of the polaronic effects, that is, to delocarization of the electronic states.

To obtain further information about the relaxation process of the photo—excited states, we
measured the excitation profiles of the PA bands on {Pt(en),Br}(ClO,),~I and {Pt(en),I}(CIO ),,
which are plotted in Figure 6. As seen, the CT exciton does not contribute to generation of soli-
tons and polarons in both complexes. This is considered mainly due to the excitonic effect on the
photo—excited electron-hole pairs which is induced by the nearest neighbor Coulomb interaction
V. Within the scheme of the adiabatic potential model, there exists a potential barrier between
the CT exciton and the local minimum of soliton or polaron states. In fact, the excitation energy
dependence of the PA signals in {Pt(en),I}(CIO,), is almost the same as that of the photo-
conductivities along the b axis reported by Haruki et al.,'* suggesting that a free electron-hole
pair is able to contribute to the formation of charged—particles, that is, polarons and/or charged-
solitons. In this relaxation channel, spin-solitons are negligible, since they have no charges.

In the above discussion, however, it is difficult to confirm whether the photo-generation of
spin-solitons can be neglected in any relaxation processes. In the ESR measurements on as—
grown samples of {Pt(en),I}(C10,), and {Pt(en),Br}(ClO,),-1, a finitc amount of paramagnetic
spins (ca. 10 per site) were detected.!” In our previous papers,*'® they have been attributed to
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spin-solitons confined by some crystal imperfections. Corresponding to these defects, a weak
absorption band was observed at nearly half of the gap energies in these two complexes as shown
by the dotted lines in the upper part of Figure 3. However, in the 2-D ordered MX compounds,
{Pt(chxn),Br}Br,, neither such a defect-related absorption band nor paramagnetic spin has been
detected.*'® Accordingly, taking account of the energy difference between the defect-induced
absorption band and the b band, the b band is attributable to charged—-solitons.

The absorption for the gap states of the MX compounds previously reported are mostly related
to {Pt(en),CI}(CIO,),.>'**! Since this complex is in the strong e-1 coupling regime characterized
by a large S/T, our results in the domain of the small S/T can not be directly compared with their
data. In fact, the spectral features of the PA signals presented in Figure 3 are quite different from
those of {Pt(en),CI}(CIO,),.*"* In Figure 7, the PA spectrum of {Pt(en),Br}(ClO,),-1I which
has been newly synthesized, is presented together with the result of {Pt(en),CI}(ClO,),. The
polarized absorption spectra near the band edge are also shown by the dotted lines. As seen, the
features of the PA spectra of the two complexes are very similar to each other; there exists two
weak absorption bands A and B just below the band edge in as-grown samples and they are
enhanced by light irradiations. Figure 8 shows the excitation profiles of the A bands in these two
complexes at 77K. In {Pt(en),Cl1}(ClO,),, the PA bands do not decay at this temperature so that
the PA measurements at each excitation energy were performed with extremely low excitation
powers. The results of {Pt(en),CI}(CIO,), is qualitatively in agreement with that previously
reported.?! In {Pt(en),Br}(ClO,),-11, the PA bands are not stable but their life time is very long
at 77K, which is estimated about 20 minutes when assuming the exponential decay. The long
life time of PA signals in these complexes suggests the formation of localized defect-like states.

The most important feature of Figure 8 is that the A bands of both complexes can be generated
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by irradiation of lights with the energies nearly equal to or even lower than the CT exciton ener—
gies. This is essentially different from the results of {Pt(en),I}(CIO ), and {Pt(en),Br}(ClO,),-I
having the small halogen distortions in Figure 6. Such a difference in the two types of complex—
es cannot be attributed to the difference in the crystal structures including the conformations of
ligand molecules mentioned above, since {Pt(en),C1}(CIO,), and {Pt(en),Br}(ClO,),~I belong to
the same space group, P2 /a, and {Pt(en),Br}(ClO,),-1I and {Pt(en),I}(CIO,), to C2/m. There-
fore, the obtained results of the PA measurements suggest that the A (and B) bands have the
different origin from those of the a,, a, and b bands, that is, polaron or charged-solitons. In
{Pt(en),C1}(CIO,),, both the excitonic effect (V/T) and the eI interaction (S/T) should be larger
than those in {Pt(en),I}(CIO,),. So that, it is expected that the carrier separation from the CT
exciton is more difficult to occur in {Pt(en),CI}(CIO,),, as compared with {Pt(en), I}(ClO,),. An
important information about the origin of the A and B bands in {Pt(en),C1}(ClO,), has been
given by the photo—induced ESR measurements.”>” According to them, the excited states
responsible for the A and B bands have spin s=1/2. Considering these PA and ESR measure-
ments, the A and B bands might be attributed to spin-soliton-like defect states. There remains,

however, several unsolvable experimental results, some of which support the polarons as the
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origin of the A and B bands.>?**> More detail experiments seem to be necessary to determine
precisely the origin of the A and B bands. A most important point at the present stage is that the
features of the photo—induced gap states are strongly dependent on the magnitude of S/T.

Finally, we emphasize again that photogenerations of the gap states in MX chains strongly
depend on the two factors: (1) the interchain interaction of CDW and (2) the effective magnitude
of the e-! interaction S/T (or the amplitude of CDW). As for the interchain interaction, small
interchain coupling ensures 1-D character of CDW and leads to an appearance of the mid—gap
band, which is regarded as evidence for soliton formation. On the other hand, the PA structures
assigned to polarons are insensitive to the dimensionality of CDW. Concemning the e-! interac—
tions, delocalization of the electronic states due to decrease of S/T leads to increase of efficiency
of the photo-induced carrier separations and to decrease of life time of the gap states, while local-
ization effects on the excitons or electrons and holes due to increase of S/T (and simultaneously
increase of V/T) seem to change remarkably the generation process and the stabilization energy
of each gap state. Such various behaviors of the gap states in MX chains present an important
problem valuable for understanding of the nonlinear excitations in the 1-D electronic systems.

We are grateful to Prof. K. Nasu and Dr. Iwano (KEK) for many enlightening discussions.
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