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We have performed reAectivity measurements on one-dimensional, halogen-bridged, mixed-
valence compounds, regarding, in particular, the far-infrared energy range. The ir-active phonon
modes are investigated and a tentative assignment proposed, with the help of a phenomenological
lattice-vibrational calculation. Furthermore, the connection between our experimental data and a
theoretical model is presented, based on the Peierls-Hubbard approach.

INTRODUCTION

Compounds of the type [M(en)2][M(en)2X2](C104)4,
with M=Pt or Pd, X=Cl, Br, or I, and (en)
= ethylenediamine (C2HsN2), are members of a large

family of quasi-one-dimensional halogen-bridged mixed-
valence insulators. Their skeletal structure consists of
linear chains —M(II)—X . . M(I V) . X —M(II)—
of alternating metal-halogen ions, where the halogen X
ions are closer to the M(IV) than to the M(II) ions. Along
the chain axis, each M metal ion is coordinated by four
nitrogen atoms of the ethylenediamines. '

The above mentioned displacement of the halogen ions
from the midpoint results in the appearance of a com-
mensurate charge-density wave (CDW) with a period of
twice the M-M separation. Thus, these chain compounds
are considered a realized Peierls system. These materials,
which will be abbreviated, hereafter, as MX chain, and
similar ones, such as the well-known Wolffram's red salt,
were intensively investigated, essentially with optical
methods in the past. ReAectivity measurements in the
visible and uv region and resonance Raman scattering in-
vestigations were mostly performed. Concerning the
reAectivity measurements on the Pt-halogen compounds,
the corresponding spectra are dominated by a peak at 2.9
2.3, and 1.7 eV for Pt-C1, Pt-Br, and Pt-I, respectively,
when measuring with light polarized parallel to the chain
axis. The corresponding strong absorption is ascribed
to the charge-transfer (CT) transition from the d, orbital
of the M(II) to the d 2 orbital of the M(IV), which essen-

tially corresponds to a transition across the Peierls energy
gap, formed at the edge of the folded Brillouin zone by
the dimerization of the halogen X ions. The one-
electron band model determined with the aid of the
tight-binding approximation confirms the above results
very well.

By resonance Raman scattering and luminescence ex-
periments, Tanino and Kobayashi found as background

of a Raman line and its overtones, polarized in the chain
direction and being due to a vibration along the chain, a
continuous polarized Raman-like emission. It extends
deeply into the band-gap and is followed by a large polar-
ized luminescence band. They interpreted the latter
features as a recombination during and after relaxation of
a charge transfer excited state to the self-trapped state.
These systems are, from the theoretical point of view,
good prototype materials which are suitably described by
the Peierls-Hubbard (PH) model. Nasu first proposed an
extended version of the PH model for the MX chains.

The Hamiltonian is based on four parameters charac-
terizing the system: the transfer energy T of an electron
between two neighboring sites, the electron-phonon cou-
pling energy S, and the intrasite and intersite electron-
electron repulsive energies U and V, respectively. Con-
sidering the cooperation or the competition between the
above described parameters, Wada et al. were able to ex-
plain the M and X dependence of the optical properties,
e.g. the CT band energy of the Pt-halogen compounds,
and Tanino et al. described the pressure dependence of
the absorption-edge of the luminescence peak and of the
Raman frequency of Wolffram's red salt, as being similar
to our Pt-halogen chains. More recently, Baeriswyl and
Bishop also proposed a microscopic version of the PH
model. Within their approach they focused their atten-
tion to the calculation of the ground state and of the
configuration of the excited midgap states, due to the
presence of defects, such as polaron, bipolaron, kink, or
soliton. We will return to this model in more detail later
in the discussion. However, we will just mention that
some predictions of the theory were recently confirmed
by Kurita, Haruki, and Miyagawa. In fact, they mea-
sured photoinduced absorption bands near the midgap at
77 K and identified these structures with excitations in-
duced by metastable polaronic defects; their energy posi-
tions are in fair agreement with the theory.

The motivation of our work resides in the study of the
vibrational modes. The aim of the present paper is to
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present our measurements in the far infrared (FIR) and
near infrared (i.e., the typical energy range for ir-active
phonon modes) for the whole Pt-halogen series. In par-
ticular we will try to find a possible connection between
the electronic properties related to the CT band and the
lattice dynamical behavior of these MX chains.

EXPERIMENT

The optical reAectivity R(co) with light polarized per-
pendicular and parallel to the chain axis b of large single
crystals (2X 1.5 X 1 mm ) of Pt-C1, Pt-Br, and Pt-I is mea-
sured in the energy range from 12 eV down to 1 meV at
300 and 6 K. In order to cover the whole energy range,
we have made use of four spectrometers and in the FIR a
Fourier spectrometer (with an energy resolution of 1

cm ') is employed with a triglicyne sulfate detector down
to 25 cm ' and with a liquid-He-cooled Ge bolometer
from 100 to 8 cm '. Furthermore, all optical properties
can be obtained through Kramers-Kronig transforma-
tions of the R (co) data. '

The single crystals were recrystallized from powder
samples. The powdered material was synthesized by the
procedures described in the literature. The recrystalli-
zation was performed in a dilute HC104 solution and
crystals of various shapes, such as needles or platelets are
grown, depending on the HC104 concentration. The I-
compound recrystallization was performed in Japan by
two of us (M.H. and S.K.), and the Pt-Cl and Pt-Br com-
pounds were recrystallized in Zurich by E. Jilek. Only in
the case of Pt-Br was the recrystallization very difficult
and was the obtained shape of our single crystal smaller
than usual.

RESULTS

Qur thorough and complete R (co) measurements on
the whole Pt-halogen series well confirm the first and pre-
liminary results that were partially presented in a previ-
ous paper. " Figure 1 shows the R (co) spectra in the visi-

ble region for the three investigated systems at 300 K and
for both polarization directions of the light. We can
recognize the well-known CT band structure, polarized
along the chain axis b. The perfect agreement with other
previous and similar measurements ' confirms the good
quality of our crystals and permits us to define carefully
the direction of the chain axis.

We refer the reader to Refs. 3 and 5 for a detailed in-
terpretation, based on the tight-binding calculation, of
the electronic transitions. Here we point out the interest-
ing and peculiar broad structure at 1 eV in Pt-C1, which
looks like the photoinduced midgap states detected by
Kurita, Haruki, and Miyagawa or the pressure-induced
band near the midgap described by Kuroda et al. ' The
magnitude is sample dependent but since this broad band
was always detected, we have excluded that it could be
due to an experimental artifact. About its origin we pro-
pose that it could be related to an absorption of midgap
states, due to some intrinsic defects, e.g. , of soliton- or
polaron-type. In fact, the energy positions agree very
well with those predicted for similar excited states within
the model of Baeriswyl and Bishop (see the next section
for more theoretical details). In addition, we would also
like to remind the reader that similar excited midgap
states were found in polyacetylene. There, the existence
of a kink seems to suppress the CT absorption band. '

This last effect is, however, only slightly remarkable in
our Pt-Cl compound. Finally, we would also like to re-
mark that both Pt-I and Pt-Br have a slight bump at 0.5
and 0.7 eV, respectively, which we claim has the same
origin as in Pt-Cl. We will return to this in a future re-
port about the presence of defects in these Pt-halogen
chains.

Let us now move to the far-infrared (FIR) results,
which are, to our knowledge, presented here for the first
time. From Figs. 2—9 we present the spectra for both po-
larizations of light and temperatures of the three Pt-
halogen compounds. Once again, a huge anisotropy be-
tween the two polarization directions characterizes the
spectra of all samples. The Pt-Cl and Pt-Br R (co) spectra

100

oSO

.?'.
~~~ 60-

Y)

Pt-I
lib
J b oooo

Pt- Cl
llb —-—
J b----

Pt-Br
}l b oosooo

J bean

40

20-

Pt-CI Ilb
T=SK-

40 Pt-CI tl b
T=BOOK

20 20-

0
3

Photon Energy (eV)

0
0 0.02 0.04

l I

0.06 0.08
Photon Energy (eV)

FIG. 1. R (co) at 300 K between 0.1 and 3.6 eV for Pt-C1, Pt-
Br, and Pt-I with light polarized parallel and perpendicular to b.

FIG. 2. FIR-R (co) at 300 K and 6 K for Pt-C1, with light po-
larized parallel to b.
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FIG. 3. FIR-R (co) at 300 K and 6 K for Pt-Cl, with light po-
larized perpendicular to b.

FIG. 5. FIR-R (co) at 300 K and 6 K for Pt-Br, with light po-
larized perpendicular to b.

(Figs. 2 —5) are dominated by four mode structures along
the chain axis, which grow up with decreasing tempera-
ture, accompanied sometimes by a typical splitting at low
temperatures. The Pt-I spectra (Figs. 6—9), however, are
more complex and rich in structure. The equivalent four
modes in Pt-I are identified among the other structures
(see arrows), comparing the shape and form, and the rela-
tive intensity with the corresponding four ones in Pt-C1
and Pt-Br. We attempt to assign the other structure
modes in Pt-I to the internal vibrational states of the pla-
nar (en) complexes and of the interchain (C10&) mole-
cules. ' Since the purpose of this work resides in the
study of the phonon modes along the chain axis, a de-
tailed investigation and assignment of the ir-active pho-
nons of the planar (en) and (C104) molecules goes beyond
the aim of the present discussion. It is our intention to
devote a future work to this problem. However, we guess
that the reason for such differences between the spectra

of Pt-I and those of Pt-Cl and Pt-Br resides in the higher
stability and purity of the former. In fact, the recrystalli-
zation for the latter two compounds essentially follows
from an alignment of many needles along the main axis.
Of course this alignment is not always perfect and, as a
consequence, this could produce smearing and broaden-
ing effects Thi.s is seen well just in the R (co) spectra,
where for Pt-I the mode structures appear more intensive
than in Pt-Cl or Pt-Br. Before concluding this section,
we wish to consider another interesting aspect which
manifests itself by close inspection of the spectra: name-
ly, the appearance of new modes by lowering the temper-
ature and this for both polarization directions of light.
Cooling down the samples, some internal distortions (e.g. ,
a zig-zag behavior of the b axis) could happen and conse-
quently new ir-active modes arise, due to a break in the
symmetry. However, we do not know at the present time
of any neutron diffraction experiment which would
confirm our guess.
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FIG. 4. FIR-R (co) at 300 K and 6 K for Pt-Br, with light po-
larized parallel to b.

FIG. 6. FIR-R(co) at 300 K for Pt-I, with light polarized
parallel to b.
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FIG. 7. FIR-R {co)at 6 K for Pt-I, with light polarized paral-
lel to b.

FIG. 9. FIR-R (co) at 6 K for Pt-I, with light polarized per-
pendicular to b.

DISCUSSION

As pointed out in the previous section, the common
features which characterize the R (co) spectra of the three
investigated Pt-halogen compounds concern, above all,
the four highly polarized mode structures along the b
axis. Since in the following discussion we will concen-
trate on the assignment and interpretation of these
modes, we have summarized for the sake of clarity, the
experimental data in Table I. The mode frequencies are
taken from the imaginary part of the dielectric constant
Ep.

First of all, in view of the main purpose of our discus-
sion we propose a pertinent and interesting comparison
between the FIR spectra of our systems and the corre-
sponding one of BaBi

&
Pb 03. It is, in fact, or inten-

tion to propose, as it will become clear just below, the
dynamical similarity of the two systems. This compound
forms an apparently complete solid solution with
perovskite-type structure in the entire range 0(x &1.

The perovskite structure consists of a three-dimensional
array of oxygen octahedra, either Pb or Bi atoms being
located at the center of each octahedra. Furthermore, in
the whole semiconducting phase (x ~ 0.35) a charge
disproportionation (which is progressively destroyed by
alloying with Pb) on the Bi atoms exists, leading to a
mixed-valence ground state.

By considering one crystallographic direction of the
isotropic perovskite structure, we obtain a chain of alter-
nating Bi and/or Pb—0 ions, where each Bi and/or Pb
ion is coordinated by four 0 ions in a plane perpendicular
to the Bi and/or Pb chain. In other words, the structure
along such directions is similar to a chain of 0-corner-
sharing octahedra with Bi and/or Pb ions in their center.
Then, even though the Ba-Bi-Pb-0 compound is three di-
mensional, it is quite easy to convince oneself that, from
the dynamical point of view, our Pt-X are totally
equivalent to Ba-Bi-Pb-O, and it is not surprising that the
same ir-active structures appear. In fact, Uchida et al. '

measured the FIR R (co) of the former system in the
semiconducting phase (x ~0.35) and they found a similar
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TABLE I. (a) Frequencies of the four modes along the b axis
for the three Pt-halogen compounds. The values are in meV.
(b) Energy of the CT band (i.e., the optical gap Eg ') and of the
transfer integral t, (i.e., the width of the CT band). The values
are in eV.
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phonon spectrum dominated by four structures. The
four structures in Ba-Bi-Pb-0 are assigned to three inter-
nal modes (i.e., concerning atom movements within the
oxygen octahedra) and to an external one (i.e., where the
cubic lattice formed by the Ba atoms moves against the
whole oxygen octahedra). '

Due to the analogies pointed out thus far, we will go
further and develop the same interpretations and kind of
analysis proposed by Uchida et al. ' for the Ba-Bi-Pb-0
system, for our MX chains. We will perform a phenome-
nological calculation based on the linear harmonic oscil-
lator model. Following Fig. 10, we will take our Pt-
halogen compound as a one-dimensional two-atom base
chain. From the CDW ground state the dimerized unit
cell Pt(III+5)-X -Pt(III —5)-X follows (where 0 (5( 1

describes the charge disproportion), which, along the
chain, contains four atoms. Then, to each Pt ion is at-
tached a (en) planar molecule, which is modeled by four
out-of-chain bendings; each of them is formed by a com-
plex with the total mass of C and N atoms (Fig. 10) (i.e.,
in the case of Ba-Bi-Pb-O, instead of halogen and C-N
complexes there are oxygen atoms and instead of Pt there
are Bi and/or Pb atoms).

In order to calculate the vibrational modes in the linear
harmonic approximation, we consider two types of in-
teractions: the in-chain stretching distortions with the
spring force constants K; and the out-of-chain bending
distortions with the spring force constant K, where
i=1,2 indicates the Pt ions with 3+6 and 3 —5 charge
disproportion (Fig. 10). The unit cell then contains a to-
tal of 12 atoms and a 12X12 dynamical matrix D, . fol-
lows (see Appendix for more in depth details). Solving
the corresponding determinantal equation,

iD, —M;, co„5;~ f
"=0,

we determine the eigenfrequencies co„. From the 12
eigenfrequencies, one corresponds to the zero-frequency
acoustic mode (inactive), three to the ir-active modes and
the other eight to the Raman-active modes. In fact, the
ir phonons can be assigned to the stretching mode, where

the Pt ions and the X ions move in the opposite direction
to the zone-boundary acoustic mode as a result of the
Brillouin-zone folding and (finally, because we also con-
sider the bending interactions) to the so-called ir bending
mode. Among the Raman-active modes we find the typi-
cal breathing phonon modes, where the halogens move
against the Pt ions and the sevenfold-degenerate bending
modes, involving essentially the (C—N) complexes which
model the (en) molecules (see Fig. A.3 of Ref. 15).

We now have to find the best set of the parameters K,-

and K (i=1,2) in order to obtain the best possible fit
with the experimental values. The results of our fitting
procedure is summarized in Table II, which shows the
good agreement between the experimental and calculated
modes. We would like to remind the reader that we have
exposed the eigenfrequencies (calculated and experimen-
tal) for each Pt-halogen compound in Table IIb in the in-
creasing energy order. We note that the fit considers only
the structural modes at 300 K, since the temperature
dependence is negligible. The differences between the cal-
culated and the experimental values (except for the
higher mode in Pt-Br) oscillate between 0.6 and 2.S meV.
This numerical imprecision is of the same order of magni-
tude as the shift measured in the Raman breathing mode,
when exciting with light of different energies. Without
going into detail, it was suggested that the dispersion of
the Raman breathing mode frequency with change of the
wave number of the excitation light depends on the ex-
tent of the valence delocalization along the chain. '

From the calculation of the eigenstates, we can assign the
lowest frequency ir mode to the zone-boundary acoustic
mode, which is expected, since the reduced mass of this
mode is equal to the Pt ion mass. Furthermore, the vi-
brational states at 43.4, 25.4, and 21.7 meV for Pt-Cl, Pt-
Br, and Pt-I respectively, are assigned to the ir-active
stretching mode and the phonon states at 36 meV for the
Pt-Cl and Pt-I and at 33 meV for Pt-Br to the ir-active
bending mode. The halogen independent mode at 26
meV corresponds to the Raman-active bending mode, as
Tanino et a/. ' found by Raman measurements in Pt-
(Cl, „Br„)mixed halogen compounds. The halogen in-
dependence of this sevenfold-degenerate mode follows
from the fact that only the (en) complexes are involved
but the Pt and halogen ions do not move at all. This is
well confirmed, also, by our calculations, which demon-
strate that the mode frequency depends only on K .
Furthermore, the numerical values of the E constants
are quite the same for the whole Pt halogen series. The
small differences account for the different 6 disproportion
on the Pt ions and consequently for the small experimen-
tal dispersion of this ir-active bending mode. ' Regard-
ing the Pt-I compound, we have not found any experi-
mental results for this ir bending mode. However, from
the above considerations, we have to expect an experi-
mental frequency of about 26 meV, as predicted by our
calculation. The modes at 38.5, 21.5, and 15.4 meV cor-
respond to the Raman breathing mode for Pt-C1, Pt-Br,
and Pt-I, respectively. ' With the described phenomeno-
logical approach, we can only consider the so-called
internal modes. However, our ir spectra are character-
ized by a fourth structure (i.e. , at 31, 30, and 31.6 meV
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TABLE II. Spring force constants E; and I( {with i =1,2) used in the phenomenological fit, experimental and calculated phonon
frequencies (co„) and the parameters within the PH model: the spring force constant K (within brackets the unscreened E for Pt-I and
Pt-Br), the dimenslonless parameter A,2, and the electron-phonon coupling constant P.

Pt-Cl
Pt-Br
Pt-I

X)
(mdyn/A)

1.10
0.84
0.73

E2
(mdyn/A)

0.87
0.6
0.61

E'I
{mdyn/A)

0.658
0.58
0.66

K~
(mdyn/A)

0.021
0.06
0.01

expt.

CO)

(meV)
calc. expt.

C02

(meV)
calc.

C03

(meV}
expt. calc.

Q)4

(meV)
expt. calc.

CO5

{meV)
expt. calc.

Pt-Cl
Pt-Br
Pt-I

14 9'
13 6'
93'

14.8
15.1
11.8

26'
21.5b

154

26.2
21.7
16.6

36'
25.4'
21.7'

35
24
19.7

38 4"
26'

38.1

25.3
26

43.4'
33'
36'

44.1

36.8
38.7

Pt-Cl
Pt-Br
Pt-I

K
(mdyn/A)

0.985
0.72
0.67

(X)
(mdyn/A}

(1.46)
{1.77)

0.413
0.25
0.19

(eV/A)

2.36
2.81
3.14

'This work, Table I(a).
Reference 1.

'Reference 15.

for Pt-C1, Pt-Br, and Pt-I, respectively) which we have as-
signed to an ir mode of external type (also proposed by
Uchida et a/. for the Ba-Bi-Pb-0' ). This external mode
involves the whole Pt-X chain against the interchain com-
plexes formed by the (C104) molecules. The fact that the
reduced mass of this mode is essentially equal to the total
mass of the (C104) molecule for the whole Pt-halogen
series, supports the experimental evidence of finding the
external mode at the same frequency for all Pt com-
pounds. Another interesting feature which evolves from
Table II is the tendency to reach the best fit with con-
stants E, and K2, which do not appreciably differ from
each other. This is more and more pronounced going
from Pt-Cl to Pt-Br, and to Pt-I. The progressive level-
ing of E& and K2 is in contrast to the numerical con-
clusions proposed by Clark' who considered only the in-
teractions within the chain (i.e., this will reduce the di-
mension of the dynamical matrix to four, see Appendix).
In fact, E

&
differs about a factor between 10 and 20 from

K2. ' It appears to us that this large difference is to be
ascribed to a certain renorrnalization due to the omission
of the out-of-chain bending interactions. However, the
small and increasing (from Pt-I to Pt-Cl) difference be-
tween E& and K2 in our At accounts for the 6 charge
disproportion on the Pt site, likewise as the K constants.

Before concluding, we will explore possible connec-
tions between the experimental and theoretical investiga-
tions. As mentioned in the Introduction, these systems
are considered suitably within the Peierls-Hubbard mod-
el. Baeriswyl and Bishop considered within their ap-
proach an undistorted single chain, consisting of a se-
quence of M and X atoms, where the neighboring elastic
lattice interactions are modeled in terms of a harmonic

spring constant K. In addition to the elastic energy term,
the Hamiltonian assumes a single tight-binding form for
the electronic energy states on the Pt sites and the
charge-transfer term between two nearest-neighbor Pt
ions. The electronic energy levels c„are expected to de-
pend sensitively on the position U„of the neighboring
halogen ions, whereas the resonance integral t„„+& for
the charge-transfer will be a function of the distance be-
tween the nearest-neighbor Pt ions. The dependence is
assumed to be linear through the electron-phonon cou-
pling constants a and /3, respectively. Two competing in-
stabilities are then considered: one associated with alter-
nating bond lengths u„=(—I)"u inducing a bond-order
wave (BOW), or the other one associated with the dis-
placed X atoms u„=(—1)"u leading to a CDW ground
state. In the CDW limits (u =0, uWO), which is interest-
ing for our systems, the gap E of the electronic density
of states is then equal to 413u (i.e., u describes the dimeri-
zation of the halogen ions against the Pt ones). Baeriswyl
and Bishop proposed to evaluate the spring constant K
from the expression co, =2E /M for the Raman breathing
mode, where M is the halogen atomic mass. However,
within our phenomenological approach, we know that
co, =(K, +K2)/M, where K, and Kz are different due to
the dimerized unit cell. This is not surprising because the
squared frequency of the Raman breathing mode is the
same for an harmonic oscillator around the equilibrium
position as for a displaced one;' i.e., when an harmonic
oscillator reaches a new equilibrium position, this only
lowers the zero-point energy.

This exact theoretical result should not confuse the
reader, in the sense that one might be encouraged to de-
velop the phenomenological fit with the condition
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X& =K2 =K. In fact, one has to keep in mind that, in the
approach of Baeriswyl and Bishop, the starting point is
an undistorted chain, where the dimerization is an effect
of the electron-phonon coupling. In our approach, where
we do not consider the electron-phonon coupling explicit-
ly, the double unit cell, due to the dimerized CDW
ground state, implies K,AKz. From the above discus-
sion we can extract the spring force constant E of Baer-
iswyl and Bishop from the relation 2E =K, +%2 ~ From
our best numerical calculations, K, +K2 is approximate-
ly equal to 2K, obtained directly from the Rarnan fre-
quency. In Table II we summarize the K values and the
electron-phonon coupling constants for the three Pt halo-
gen compounds.

For Pt-Cl we can calculate the coupling constant from
the equation u =P/K; for a dimerization U =0.384 A' we
obtain P=2.4 eVA ' which seems a quite reasonable
value. A calculated electronic gap of 3.62 eV then fol-
lows, which is larger by about 0.725 eV than the mea-
sured optical gap. This difference is ascribed to the
Coulomb interactions. One can enlarge the Hamiltonian,
by introducing the on-site Coulomb interaction U, which
will destroy the CDW state, and the intersite Coulomb
interaction V, which will favor the CDW state. In the
classical limit characterized by a strong coupling, which
manifests itself by an integer or a quite complete charge
disproportion, the optical gap satisfies the relation:
E~~, =Eg+3V —U, where E =4Pu. Then we assign the
above mentioned difference between E, and E to
U —3V. For the Pt-Br and Pt-I compounds the so-called
weak-coupling limit was proposed. In fact, due to the
extended nature of the wave functions, the electron
transfer between the p, of X and the d 2 of Pt in-

creases in these compounds. Besides the halogens are
pulled towards the Pt ions, and thus the amplitude of
the CDW, optical gap energy and Peierls distortion will
decrease. ' The huge overlap between the orbitals in-
volved in the transfer (or supertransfer) process produces
a screening effect of the lattice interactions. One has to
then consider a renormalized spring force constant. It
follows for the Raman frequency co&=2A.z(2K iM) and for
the electronic gap Es =4Pu =16toexp[ —(2A2) '],
where EC is the unscreened spring force constant, to is the
transfer integral, and A,z is the dirnensionless parameter

P l(m. toK). Neglecting the Coulomb interactions, which
would modify the analysis somewhat, and defining
E pt Eg we can calculate from the above formula the
parameter A,2 which takes the values 0.25 and 0.19 for
Pt-Br and Pt-I, respectively. Considering once again the
relation 2K =K&+Kz=2A.z(2K), we can calculate the
screened X parameter from the experimentally fitted
spring force constants. In Table II, in addition to the
screened spring force constants K, we have also surnrna-
rized in brackets the values of K for the Pt-Br and Pt-I
compounds.

From the width of the CT absorption band in R (co) we
can estimate to, and returning back to the expression for
the electronic gap in the weak-coupling limit, we can
finally calculate the theoretical dimerization u. For the
Pt-I we obtain u =0.135 A and for Pt-Br u =0.205 A,

which for the Pt-I compound agrees very well with the
experimental value of 0.123 A. ' For the Pt-Br com-
pound, however, we have not found a reasonable experi-
mental value for u. In fact, the value reported by Clark, '

after the work of Endres et al. ,
' is in striking contradic-

tion with the tendency manifest by other similar Pt-Br
compourids, where in place of (en) one has
trimethylenediamine (tn), propylenediamine (pn) etc.
complexes (see Table III of Ref. 1). A useful quantity in
this context is the ratio p between the Pt(II)-Br and the
Pt(IV)-Br distances. Taking then an average Pt-Pt dis-
tance of 5.48 A and our u theoretical value we reach a
p=0.86, which is now more consistent than the 0.98
value of Ref. 21, derived with a u ten times smaller! As
final remark in this part of the discussion, we would like
to point out that within the model of Baeriswyl and
Bishop, the experimental value of u proposed by Endres
et a/. ,

' would imply in the weak-coupling limit an elec-
tronic gap of 0.3 eV. The huge discrepancy with the ex-
perimental optical gap could only be explained, by no
longer considering Pt-Br in the Peierls CDW limit but in-
stead as an exponent of the Mott Hubbard limit. Eg p' is
then a correlation gap, due to the important Coulomb
correlation energy. However, this does not seem to be
very realistic in comparison with the other two Pt-Cl and
Pt-I compounds, and we then attribute the apparent
discrepancy of u to an experimental artifact. Regarding
the electron-phonon coupling constant P, summarized in
Table II, it seems, once again, to be quite consistent.

We will end our discussion by pointing out the trend,
outlined before, for the spring force constants K& and Kz
of assuming approximately the same value. This aspect
confirms phenomenologically the weak-coupling limit na-
ture of the electron-phonon interaction, which also im-
plies a smaller charge disproportion contrary to the case
of Pt-Cl. Due to the above cited tendency, and since all
modes depend on K&+%2 and on K', +E2 it is not
surprising that, for the Pt-halogen in the weak-coupling
limit, we can reach a quite good fit of the whole phonon
spectra, imposing the condition K, =K2. About the
charge disproportion, we finally remark that it is possible
to perform a preliminary calculation of the effective
charges on the halogen ions, starting from the ~zQ and
coLQ phonon modes, as proposed by the procedure of
Scott and Gervais. ' The co~Q frequencies are extracted
from ez(co) and the coLo from the energy loss spectra. We
remark, with quite good accuracy, that the effective
charge on the halogen ions diminishes progressively from
the Cl down to the I and Br compounds, indicating so far
that the ionicity of the Pt-halogen bonding decreases, go-
ing from compounds of strong to those of weak-coupling
electron-phonon interaction.

CONCLUSION

We have presented our thorough FIR R (co) spectra of
the Pt-halogen chains by concentrating our effort on the
interpretation of the phonon structures. In fact, in addi-
tion to the similarity of our spectra with Ba-Bi-Pb-O,
which also implies a dynamical equivalence, we have as-
signed, based on a phenomenological model, the four
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detected modes along the b axis to three vibrational states
of internal type and one to a phonon state of external
type. It was then possible to find a connection between
the lattice dynamical properties and the electronic ones,
within the so-called PH model. We have discussed our
numerical results concerning the spring force constants,
as input parameters for the calculation of the optical gap
and the dimerization, as a consequence of the realized
Peierls ground state. Finally, as brieAy mentioned in the
previous discussion, the PH model of Baeriswyl and
Bishop predicts the midgap state energies, for soliton, po-
laron, and bipolaron defects, the existence of which was
recently demonstrated in Pt-Cl by Kurita, Haruki, and
Miyagawa. It is our future purposal to perform pho-
toinduced FIR R (co) measurements in order to study the
phonon modes around such defects. Furthermore, the
FIR study of Pt mixed-halogen compounds would be of
great interest in order to consistently investigate the
e6'ect of the d orbital states extension of the Pt ions on
the phonon modes.
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APPENDIX

To get quantitative insight into the internal phonon
modes we have proposed a phenomenological lattice-
vibrational calculation based on the linear harmonic ap-
proximation. The situation pointed out in Fig. 10 is con-
sidered for the unit cell. Here, we will concentrate on the
formal aspects of the calculation following the approach
of Uchida et al. . '

We are interested only in the zone-center (k=0) modes
of the folded Brillouin zone which are relevant for the ir
spectra. The equation of motion, taking in consideration
a one dimensional space, is then

M, co u;=gD; u

J
(A 1)

where M, is the mass of the ith atom and u, is the one-
dimensional Cartesian component of the ith-atom dis-
placement from its equilibrium position. Remembering
that only a nearest-neighbor force constant is taken into
account, the dynamical matrix follows:

2K1+8K1

0
—K

1

—K
1

—K'
1

0

2K2+ 8K2
—K2

—K2

—K'
2

—K 1

—K2

K1+K2
0

0

—K 1

—K2

0

K1+K2
0

—K'
1

—K'
2

0

0

Ki+K2 0

—K'
1

—K'
2

0 (A2)

—K'
2 0 0

0
0
0

0
0

0 K1+K2

The normal modes are given by the solutions of the equa-
tions:

~ D u'"'=~2m u'"' (A3)ij j n i i
J

where u "' represent the displacement of the ith atom of
the nth normal mode. The corresponding eigenvalues

I

problem is considered in the discussion. Finally, we re-
call that without the out-of-chain bending interactions
(i.e., K =0, i=1,2), the dynamical matrix reduces its di-
mension to four and would correspond to the 4 X 4 matrix
in the upper 1eft-hand corner. This is exactly the ap-
proach considered by Clark. '
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