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The first experimental studies on halogen doping in quasi-one-dimensional, halogen-bridged,
mixed-valence platinum complexes (HMPC) are presented. The electrical conductivity of the iodine
compound increases over 7 orders of magnitude with iodine doping. The absorbance of the two
optical-absorption bands near the midgap and the ESR intensity in dilute doped HMPC increase
with the dopant concentration. In the dilute regime, halogen doping yields the same effects on opti-
cal absorption and ESR as does photoexcitation at an energy greater than or equal to the energy of
the charge-transfer absorption band. The doping-induced states are located on single chains and
have charge and spin. These results strongly suggest polaron formation by halogen doping. At high
doping levels, a new doping-induced absorption appears at an energy of 1.55 eV at 77 K, and the
ESR decreases in intensity as the doping proceeds. It appears that upon halogen doping, singly
charged polarons are produced and the formation of confined charged soliton pairs (bipolarons) via

the process P™+P+*—>S*+S™ (or B2") is favored.

I. INTRODUCTION

Recently, there has been a growing interest in non-
linear excitations in quasi-one-dimensional, mixed-
valence materials,!”® which comprise linear chains
(-~ M**—X—M**—X---), composed of transition
metal (M=Pt,Pd,Ni) complexes bridged by a halogen
atom (X=Cl,Br,I). Halogen-bridged, mixed-valence met-
al complexes are highly anisotropic crystalline solids, ex-
hibiting strongly dicroic absorption in the visible region
attributed to the M?T—M*" intervalence charge-
transfer  (CT) transitions.'® The  ground-state
configuration has a twofold degeneracy which allows for
solitonlike excitations,"> and is characterized as a
charge-density wave (CDW) arising from a charge dispro-
portionation on the sites of the M sublattice accompany-
ing substantial distortion of the X sublattice. This is in
contrast to the case of a conjugated polymer in which a
bond-order-wave (BOW) ground state appears.!! Conse-
quently, we expect the appearance of interesting non-
linear excitation phenomena in halogen-bridged com-
plexes resulting from the strong electron-phonon interac-
tion. Baeriswyl and Bishop® have calculated intrinsic de-
fect states (solitons, polarons, bipolarons, and excitons) in
the strong CDW limit and demonstrated that they are
strongly localized in the MX chain, in contrast to the rel-
atively extended defect states in a conjugated polymer.
The soliton mass in the MX chain has been estimated to
be several hundred times as much as that of solitons in
trans-polyacetylene.? This suggests that solitons (and the
other excitation species) in the MX chain are far less
mobile than in trans-polyacetylene.

Nonlinear excitation states can be generated by pho-
toexcitation.'? For halogen-bridged, mixed-valence metal
complexes it is expected that soliton-antisoliton or pola-
ron pairs can be produced in the relaxation process of the
CT excited states -+ X—M3*t—X—M3*—_X--- on
the MX chain. If such photogenerated carrier pairs are
widely separated, they will have a long lifetime because
their masses are too heavy to move for recombination. In
fact, long-lived photoinduced absorption®~® and photoin-
duced electron-spin resonance (ESR)? in halogen-bridged,
mixed-valence platinum complexes have been observed
when photoexcitation has been made in the region of the
CT absorption band or above. The absorption and ESR
are induced only for the excitation with light polarized
parallel to the chain, and the photoinduced absorption is
polarized parallel to the chain axis, suggesting that the
photogenerated carriers are located on single chains. The
photoinduced absorption bands ( 4 and B bands in Ref.
7) are observed near the midgap, and the photogenerated
carriers have both spin and charge. From these experi-
mental results, polarons have been proposed as photogen-
erated carriers.” Very recently, Nasu and Mishima® have
shown that a part of the carriers generated by light of
higher photon energy than the band gap results in form-
ing stable, widely separated polaron pairs; this is an ori-
gin of photoinduced absorption. Such a photoinduced
defect state (polaron), located on the MX chain, is depict-
ed as M XM XM XM
This configuration may be produced by halogen doping.
In halogen-bridged, mixed-valence metal complexes, an
added hole (electron) will create an M 3" state on the MX
chain,

P+Z e _M2+_X__M4+___X__M3+_X___M4+_X__M2+__ ...
(P~: o M XM XM XM XM ).
39 5706 ©1989 The American Physical Society



39 POLARONS AND SOLITON PAIRS (BIPOLARONS) IN . ..

and give rise to lattice deformation around the defect
states. Such defect states, produced by doping with ac-
ceptors or donors, can be regarded as positively charged
(P1) or negatively charged (P ) polarons, respectively.
This means that information on nonlinear excitations
may be obtained from doping experiments as well as from
photoexcitation.

We have successfully carrier out halogen doping
in (Pt(en),)(Pt(en), X, )(ClO,), (en=ethylenediamine,
X=Cl or I; we refer to this complex as Pt-X) which is one
of typical halogen-bridged, mixed-valence metal com-
plexes. To our knowledge this is the first intentional
halogen-doping in compounds of this class.

We report, in this paper, the effects of halogen doping
on the electrical, optical, and magnetic properties of
Pt-X. We find that the electrical conductivity of halogen
doped Pt-I increases by 7 orders of magnitude and that
doping-induced absorption and ESR are also observed in
Pt-X. At high doping levels, the ESR intensity decreases
and a new absorption band appears near the midgap.
These results are discussed within the framework of pola-
ron and charged soliton or bipolaron models.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Halogen doping

The single crystals of (Pt(en),)(Pt(en),X,)(ClO,),
(X=CL]I) used in this study were prepared using the tech-
niques reported by Baslo ef al.!*> and by Bekaloglu
et al.'*

Halogen doping was carried out by exposing the single
crystals in a glass vessel to halogen vapor. For chlorine
doping 1 atm of chlorine gas was directly injected into
the glass vessel (150 ml) at room temperature and the
contents allowed to react. For iodine doping, 50 mg of
iodine was introduced into the vessel by the trap-to-trap
method; subsequently, the vessel was heated to 50°C.
The contents of dopant chlorine in Pt-Cl were deter-
mined for some of the samples by chemical analysis. The
results were as follows: for Pt-Cl:Cl,, y=6 mol % for a
9-h reaction, and y=9 mol % for a 14-h reaction.’> The
contents of dopant iodine and chlorine in Pt-I were not
determined. Hence, in this study all levels of doping were
evaluated by the reaction time and the reaction tempera-
ture. The colors of Pt-Cl and Pt-I crystals doped with
chlorine at room temperature for 7 days changed from
red to nondichroic orange and from lustrous gold to non-
dichroic black, respectively. The nondichroic colors of
such heavily doped crystals hardly changed after removal
of the halogen vapor by vacuum pumping for 24 h. This
is in contrast to the lightly doped crystals which recover
in vacuum, showing that the heavily doped crystals are
damaged on exposure to halogen gas for such a long time.
In our study, since the doping times were less than 48 h,
the samples maintained their crystalline properties.

B. Electrical dc conductivity

Measurements of dc conductivity were carried out us-
ing four-probe techniques. Gold wires and Electrodag
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were used to make electrical contacts to the samples, and
the contacts were checked to be Ohmic. The typical ap-
plied electric field was about 500 Vcm™!. Room-
temperature conductivity of Pt-I was typical of earlier re-
sults,’® 0 ~107® @ " 'ecm ™! All measurements were per-
formed by using a high-impedance electrometer (Keithley
610C with an input impedance >10'Q). Because the
dopant could be removed easily from the crystals through
pumping (especially for light doping levels), the electrical
contacts were applied before doping and conductivity
measurements were made in the atmosphere of a halogen
gas. Electrical conductivities were measured primarily
on Pt-I because the resistivity of the Pt-Cl samples was
too high for our instruments.

Figure 1 shows the electrical conductivity of Pt-I dur-
ing the doping reaction with iodine at 50°C. In the figure
the open and solid circles denote the conductivities paral-
lel and perpendicular to the chain axis, respectively. The
conductivities parallel- (o) and perpendicular- (o) to-
chain increased by approximately 4 and 7 orders of mag-
nitude, respectively, during iodine doping. After a dop-
ing reaction for 15 h, each conductivity approached the
maximum value of o;~4X107? and o;~5X107?
Q 'em ™! It should be noted that o is smaller than o
after doping, though o is larger than o, before doping.
The increase in conductivity by 4 orders of magnitude
was also observed in chlorine-doped Pt-1 (Fig. 2). The
conductivity of Pt-I doped for 12 h was reduced to that
of undoped crystals after pumping for 2 h. When the
conductivity measurements were carried out in Pt-Cl, the
sample was heated up to 80°C because of the quite low
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FIG. 1. Electrical conductivities of

(Pt(en),)(Pt(en),I,)(C10,), during doping reaction with iodine
at 50°C. Parallel- and perpendicular-to-chain conductivities are
represented by open and solid circles, respectively.
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FIG. 2. Parallel-to-chain conductivity of
(Pt(en);)(Pt(en),I,(C10,), during doping reaction with

chlorine at room temperature.

conductivity at room temperature. The conductivity at
80°C of chlorine-doped Pt-Cl increased about 1 order of
magnitude after 15 h of the doping reaction, and its value
was unchanged after 2 days of doping reaction.

C. Optical absorption

The optical-absorption measurements were carried out
by the transmission method on chlorine-doped Pt-Cl
(thickness ~40 pm) at room temperature. The samples
were mounted in a glass vessel which contained 1 atm of
chlorine gas in order to measure the optical absorption
without changing the experimental configuration and
without exposing the sample to air.

Figure 3 shows the optical-absorption spectra of
chlorine-doped Pt-Cl for polarization parallel to the
chain axis: curve 1, undoped; curves 2, 3, and 4 are for
doping reaction times (¢) of 0.5, 1.5, and 16 h, respective-
ly. P is the absorption edge of the CT absorption band.
All absorption spectra in the figure were measured on the
same sample. At light doping levels (z <0.5 h) the A4
(and B) bands grew with the time of reaction. For ¢ > 0.5
h, the peak position of the 4 band shifted slightly toward
lower energy and the absorption intensity near 1.85 eV
decreased. Curve 5 indicates the difference in optical-
absorption intensities between curves 1 and 4. The max-
imum in curve 5 near 1.5 eV suggests that a new absorp-
tion peak appears at high doping levels. In order to
separate this new band from the 4 and B bands more
precisely, the absorption spectra of doped Pt-Cl were
measured at 77 K. Figure 4 shows the optical-absorption
spectrum of Pt-Cl at 77 K, before (dotted line) and after
the doping with chlorine for 4 h at 20°C (solid line). The
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FIG. 3. Chlorine-doping-induced absorption spectra of

(Pt(en),)(Pt(en),Cl1,)(C10,), for the polarization parallel to the
chain axis at room temperature: undoped (curve 1); reaction
time of 0.5 h (curve 2); 1.5 h (curve 3); 16 h (curve 4); the
difference in absorption intensities between curve 1 and 4 is
shown (curve 5).

peak position of the 4 band was changed from 1.68 to
1.60 eV by doping; however, that of the B band was un-
changed. As A4 and B bands originate from the same de-
fects,” a new band spectrum can be derived by subtract-
ing the undoped Pt-Cl absorption intensity from the
doped one. The dashed line indicates the difference in the
optical-absorption intensities between doped and un-
doped Pt-Cl. The result indicates that at 77 K, new
doping-induced absorption appears at 1.55 eV for high
doping levels. There was no doping-induced absorption
for polarization perpendicular to the chain.

D. Electron-spin resonance

ESR measurements were carried out by using a JEOL
JES-FE1XG ESR spectrometer at X-band with a modula-
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FIG. 4. Chlorine-doping-induced absorption spectra of
(Pt(en),)(Pt(en),Cl,)(Cl0O,), for the polarization parallel to the
chain axis at 77 K: undoped (dotted line); doping reaction for 4
h (solid line). The dashed line denotes the difference in absorp-
tion intensities between undoped and 4-h-doped crystals.
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FIG. 5. The derivative curve of ESR in chlorine-doped
(Pt(en),)(Pt(en),Cl,)(ClO,), at room temperature as a function
of doping reaction time for a modulation amplitude of 2 G and
microwave power 30 mW with the magnetic field perpendicular
to the chain axis.

tion field of 2 G at 100 kHz. The resonance magnetic
field was calibrated using a proton-NMR Gaussmeter.
All samples were loaded into the quartz ESR tube in such
a way that the chain axes were directed perpendicular to
the resonance magnetic field. The weights of the speci-
mens were about 150 mg. ESR signals were monitored at
room temperature during the doping process.

The derivative curves of ESR in chlorine-doped Pt-Cl
are shown in Fig. 5, where the ESR was measured at
room temperature as a function of the doping time. The
peaks shifted with doping and the linewidth broadened
by almost 100 G after a 4-h doping reaction. These
changes in ESR spectra were restored by pumping. The
ESR intensities of (a) Pt-Cl and (b) Pt-I were plotted as a
function of reaction time (Fig. 6). At first, ESR intensi-
ties increased slightly (z <1 h) and then decreased. It
should be noted that, in contrast to photoinduced ESR
signals, which saturate under strong photoexcitation,?
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FIG. 6. Doping-induced ESR intensities of

(Pt(en),)(Pt(en),X, )NClO,), (X=CLI) as a function of doping
reaction time.

5709
ngnq;g T T T
P
c
3
. 5+ =
o
s
- o
>
=
n
Z 4+ -
w
-
z
o
n
w 3+ O\o\ _
= T=
0 1 1 1 1
] 1 2 3 4 5
REACTION TIME (h)
FIG. 7. Doping-induced ESR intensity of

(Pt(en),)(Pt(en),Cl,)(C10,),; photoexcited before doping. The
photoexcitation was made by using a Hg lamp with a glass filter
through the window of cavity for 1 h at 77 K.

doping-induced ESR signals were reduced at high doping
levels.

In order to obtain information concerning doping- and
photoinduced defects, we measured the doping-induced
ESR at room temperature on a sample which was irradi-
ated for 1 h at 77 K by a 500 W Hg lamp with a filter
which cut out the visible part of the spectrum. The result
is shown in Fig. 7. In the case of the photoexcited sam-
ple, a slight decrease in ESR intensity was observed at
first. After that, the ESR signal remained constant until
1.2 h, and then decreased again.

III. DISCUSSION

The increases in the electrical conductivities (Figs. 1
and 2) and ESR intensities (Fig. 6) at dilute doping levels
indicate the formation of charged carriers' with spin.
These results demonstrate that the doping-induced car-
riers are not charged solitons.

The remarkable increase in perpendicular-to-chain
conductivity of doped Pt-I shows that the doping-
induced carriers can move between chains as well as
along chains. The carriers may hop between chains by
utilizing the dopant ions (X ~ ) as intermediate sites; that
is, the dopants produce new paths connecting the chains.
This may explain the experimental result that the
perpendicular-to-chain conductivity of doped Pt-I be-
comes comparable to the parallel one, in contrast to the
results for undoped Pt-I. Since the conductivity is pro-
portional to the number of paths ( o< mobility) as well as
to the number of carriers, the perpendicular-to-chain
conductivity increases more rapidly with the dopant con-
centration than the parallel one. The large increase in
perpendicular-to-chain conductivity that is observed may
be experimental evidence that the dopants are located be-
tween chains.
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Photoinduced absorption and ESR experiments have
shown that the photoinduced defect states are polaron
pairs, in the form of M3% states on M2T—M*" chains:
X—M*X—M3*t_X_—M*T_X for a positive pola-
ron P* and X—M*T—X_—M3*_X__M?T_X for a
negative polaron P ~.” The polaron pair (P *-P ) on the
chain is quite stable at low temperatures because of its
heavy mass. At high temperatures, the polaron becomes
mobile, leading to the recombination of polaron pairs.
This explains why the photoinduced absorption and ESR
are observed only at low temperatures.

The doped halogen may remove one of the electrons

from the outer shell of the Pt>* ion, resulting in the for- -

mation of Pt*% states. If Pt3" states are formed on the
Pt-X chain, lattice deformation and charge distribution
arise around the Pt3" states. Such defect states can be re-
garded as positively charged polarons pinned to the
dopant ions.

The experimental results show that with halogen dop-
ing and photoexcitation,”® the induced optical absorption
observed near midgap and the induced ESR signal have
quite similar spectral shapes, energy positions, and g fac-
tors. Thus, we conclude that the halogen-doping-induced
and photogenerated carriers are the same species, that is,
polarons. Since the chains in Pt-X complexes are separat-
ed from each other by ~9 A and ligand molecules are lo-
cated between the dopant and the Pt-X chain, the interac-
tion between the dopant and the polarons will be weak
and the polarons may not be affected by the dopant. This
is the reason why doping and photoexcitation yield the
same features in ESR and absorption spectra.

The photoinduced absorption bands have shown tem-
perature quenching.” The photoinduced absorption spec-
trum of the sample which was kept at room temperature
for 4 h after the photoexcitation at 77 K, however, did
not return to the spectrum before the photoexcitation
(Figs. 3 and 4 in Ref. 7). This result suggests that a small
number of polaron pairs (P+-P ™) remain near the sur-
face of the sample at room temperature. If halogen dop-
ing is carried out in such a sample, the halogen dopant
will initially remove an electron from P~. As a result,
the P~ state (Pt>T—X—Pt3"—X—Pt>") may be re-
duced to the ground state (Pt?T—X—Pt*tT—Xx_—Pt?™),
thus decreasing the number of polarons that could con-
tribute to the ESR absorption. As seen in Fig. 7, the
doping-induced ESR intensity of Pt-Cl, which was irradi-
ated at 77 K before doping, decreased during the initial
reaction. This result is in agreement with our expecta-
tion and supports the polaron model of photoexcitation
and doping. The plateau in Fig. 7 that occurs after a long
reaction is explained by the balance between the reduc-
tion of the P~ state and the production of the P* state
by halogen doping.

The A and B absorption bands ascribed to doping-
induced and photogenerated carriers have been observed
in undoped crystals, suggesting that a small number of
polarons already exist in as-grown crystals. We expect
that excess (or less) halogen atoms are introduced in the
process of synthesis because exactly equimolar solutions
of the Pt** complex and the Pt complex may not have
been mixed.
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The density of photogenerated polaron pairs increases
with the photoexcitation intensity. The high density of
polaron pairs, however, leads to a higher probability of
recombination of P* and P~. In fact, the intensities of
photoinduced absorption and ESR appear to saturate for
strong photoexcitation. On the other hand, singly
charged carriers (positive polarons) are formed by halo-
gen doping. At high doping levels there will be some pos-
sibility that other kinds of carriers are produced by the
reactions among the polarons, for example,

Pt+pPtst+st
or
PT+pt B |

where S denotes a soliton and B2" denotes a bipolaron
charged positively. Thus, the fundamental differences be-
tween doping and photoexcitation can be seen at high
doping levels. Unfortunately, in this study the dopant
concentrations are not determined quantitatively. Never-
theless, they can be estimated qualitatively in terms of the
doping reaction times. In this study, the spectral features
in ESR and optical absorption of the chlorine-doped crys-
tals have changed after a doping reaction of one hour.
Hence, in this discussion we can assume that the dopant
concentration obtained in about one hour of reaction cor-
responds to a critical one, below which singly charged
carriers on individual chains may be present without mu-
tual interaction. As the amount of the injected dopant
increases, the polaron density reaches a critical point, at
which it is more favorable for the positive polarons to
pair up as positive solitons or bipolarons. The available
experimental evidence of soliton or bipolaron formation
at high doping levels is the following: (1) a new absorp-
tion band has been observed at an energy of 1.55 eV, (2)
the ESR intensity has fallen (new carriers have no spin),
and (3) conductivity has increased (new carriers are
mobile and have charge). As discussed later, solitons or
bipolarons show an absorption band near the midgap. It
is very likely that the new absorption band observed at
1.55 eV can be ascribed to this midgap absorption.

Figure 8 shows a schematic diagram of a positively
charged kink (soliton) on the MX chain and a corre-
sponding energy-level diagram® for the strong electron-
phonon coupling regime. According to the model pro-
posed by Baeriswyl and Bishop,»* an optical transition
occurs at 1.5A— U + V for a kink soliton (Fig. 8) and a bi-

conduction
band
A

e Pte Pt e Pt

e Pte Pt

FIG. 8. Energy-level diagram and associated Pt-X displace-
ment pattern for a positively charged kink (soliton). The solid
circles denote halogen ions.
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TABLE I. Summary of principal results on halogen doping and photoexcitation (Refs. 7 and 8) in
(Ptlen),)(Pt(en), X, ) (ClO,),, (X=CLI). (RT denotes room temperature.)

Halogen doping Photoexcitation®
Light Heavy RT 77 K
Spin density increase decrease unchanged increased
Conductivity increase increase slight increase (~250 K)
Midgap state (a)
1.68 (2.0) eV increase unchanged increase
1.55 eV appearance

?References 7 and 8.

polaron, and the creation energy of two solitons is the
same as that of a bipolaron. The CT exciton absorption
band is located at 2A—U +3V. Here A=2B?/K is the
order parameter with electron-phonon coupling constant
3 and a harmonic spring constant K, the U and V are the
Coulomb energies between the electrons on the same site
and between the nearest-neighbor sites, respectively.

For Pt-Cl the experimentally determined parameters
are V=B/K=0.384 A for the lattice distortion and
w,=02K/M)""?*=310 cm~! for the Raman-active
stretching mode, where M is the chlorine mass. Using
these parameters, we obtain 1.9 eV for A. If the new ab-
sorption band induced by doping is due to a kink soliton
(Fig. 8), we find U=1.4 eV and V=0.1 eV for the ob-
served value of the CT exciton band of 2.7 eV.!” Howev-
er, these parameters cannot reproduce the absorption
bands originating from polarons, predicted by Baeriswyl
and Bishop, which are given as 1.75A—U +2V and
1.25A+2V.

We can check more directly whether the Baeriswyl and
Bishop model in the strong-coupling limit is applicable
for Pt-Cl. One method is to measure the band gap. The
band-gap energy, given by 2A in this model, is deter-
mined experimentally in terms of the threshold energy of
photoconduction. We have measured the photoconduc-
tion of Pt-Cl at room temperature and found that the on-
set occurs near 3.1 eV. This observed optical gap is
smaller than the calculated gap of 3.8 eV. This
discrepancy may imply that Pt-Cl does not belong to the
strong-coupling regime; that is, the transfer energy may
be appreciable in halogen-bridged, mixed-valence plati-
num complexes.!” 18

Recently, Nasu and Mishima® calculated the ground
and excited states with the one-dimensional extended
Peierls-Hubbard model. They have shown that the CT
state created by a higher photon energy than the band
gap relaxes to the excited states of the self-trapped exci-

ton and then is partially dissociated into a separated pola-
ron pair, i.e., a positive polaron and a negative polaron.
These polarons will show three absorption bands, two of
which may be seen at the energies of 70% and 80% of the
band gap. Thus, Nasu and Mishima have assigned the 4
and B bands as the excitation of these polaron states. In
addition, they have shown that the extent of the polaron
is about 6 times the lattice constant. This calculated
value suggests that Pt-X is in the intermediate-coupling
regime.

In conclusion, we have presented the first experimental
study of the polaron and confined soliton-pair (bipolaron)
formation upon halogen doping in quasi-one-dimensional,
mixed-valence platinum complexes with a degenerate
ground state. Theoretical analysis® has demonstrated
that a charged soliton represents the lowest-energy
configuration for an excess charge on an MX chain; how-
ever, we have supposed that the charged polaron is ini-
tially formed by the removal of an electron from Pt2* by
halogen doping. In the dilute doping regime the results
of the conductivity experiments have shown that charged
carriers are generated by doping. Furthermore, ESR ex-
periments have shown that these carriers have spin.

Two additional absorption features have appeared
below the gap, with intensities that increase as the dopant
level increases. These results strongly support the pola-
ron formation through doping. On the other hand, at
high doping levels, while the conductivity increases, the
ESR intensity decreases with increasing dopant level, and
new doping-induced absorption appears near the midgap
(~1.55 eV). These results at high doping levels are in
contrast to those of the photoexcitation experiments (see
Table I). We have, therefore, proposed that for heavy
doping, a confined positive soliton pair or bipolaron is
formed via the process PT+P* ST +S* (or B2").
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