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The electroreflectance spectra of the

halogen-bridged mixed-valence Pt

complexes,

[Pt(ethylenediamine),][Pt(ethylenediamine), X, ]J(ClO4), (X =Cl, Br, and I), have been measured.
Electric-field-induced new absorption bands that can be assigned to optically forbidden charge-
transfer (CT) excitons with even parity have been found at a little higher energy than the optically
allowed CT excitons with odd parity. The modulation mechanism can be quantitatively explained
by the electric-field-induced mixing between the odd and the even CT excitons. The energy separa-
tions between the odd and the even excitons of the X =Cl, Br, and I complexes are 0.54, 0.46, and
0.24 eV, respectively. This indicates the large electron-hole attractive energies in the complexes.
The halogen-dependent change of the energy separations can be explained in terms of the intersite

electron transfer energies.

I. INTRODUCTION

The halogen-bridged mixed-valence metal complex
(HMMC) has been studied as a typical material for stud-
ies of photoexcited states and their relaxation processes
in a one-dimensional electron system. The complex is
represented as (M A,)(MA,X,)Y,, where M denotes a
metal atom (Pt, Pd, or Ni), X a halogen atom (Cl, Br, or
I), A a ligand molecule, and Y a counteranion. The
HMMC has a linear chain structure of metal and halogen
ions, as shown in Fig. 1.! Charge-density waves (CDW’s)
with periods of twice the metal-metal distance are caused
by halogen-ion distortion from the midpoint between two
neighboring metal ions in complexes where M =Pt and
Pd. Accordingly, the one-dimensional half-filled conduc-
tion band composed of d , electrons of the metal ions

splits into a valence and a conduction band.? On the oth-
er hand, some Ni complexes have no halogen-ion distor-
tion and have energy gaps due to electron correlation.
The characteristic feature of HMMC’s is that physical
properties such as the phase of the ground state, the
width of the energy gap, and the amplitude of the halo-
gen distortion can be systematically changed over a wide
range by the change of constituent metal and halogen
ions.*> Such metal- and halogen-dependent changes are
well explained by an extended Peierls-Hubbard model
considering the electron-phonon interaction energy S, the
transfer energy of an electron between neighboring metal
sites 7, and the intra- and intersite electron-electron
repulsive energies U and V.® According to this model,
physical properties of HMMC’s are determined by
cooperation and competition among 7, S, U, and V. The
metal- and halogen-ion-dependent change of the proper-
ties can be explained by the change of S, T, and U. Al-
though electron-electron long-range Coulomb interaction
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is taken into account as a parameter V, the contribution
of V is not apparent in this case. Nevertheless, long-
range Coulomb interaction is thought to play a very im-
portant role in the determination of the structures of
photoexcited states,®” such as excitons and free-electron-
hole pairs, and in that of their relaxation processes to the
ground state, to self-trapped excitons,>*® ! to polaron
pairs,'? "% and to soliton pairs,'>1°"!? because Coulomb
interaction acts as the binding force between the photo-
generated electron and hole.

In the HMMC (M =Pt and Pd), a charge-transfer (CT)
excitation causes an intense broad absorption
band>®2072* with an asymmetric-Lorentzian-like line
shape® for light polarized along the chain axis. The CT
excitation originates in the electron-transfer excitation
from an M>77 ion to a neighboring M>*? jon—in other
words, electron excitation over the CDW gap. Since no
definite fine structure, as is observed in common inorgan-
ic semiconductors and insulators, can be observed in the
absorption band, it cannot be clarified only from the line
shape whether this band is due to the CT exciton or to
the interband transition. In previous papers we have in-
terpreted the absorption band in the HMMC as CT exci-
ton absorption>?’ considering the existence of the intense

luminescence band from the self-trapped exciton
X —MEEXE — —MEE M — M
(M=Pt,Pd,Ni X=Cl,Br,I)

FIG. 1. Linear chain structure of the HMMC. Here, p is the
deviation of the valency from 3,0=p <1).
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state,”®° the absence of photoconductivity,”® and the

unusually large oscillatory strength.>?* On the other
hand, an alternative assignment in which the absorption
band is due to the interband transition has been also pro-
posed.”?*?7 These different interpretations are based on
different estimations of the contribution of the long-range
Coulomb interaction in the HMMC: it is considered to
be large in the exciton interpretation and negligibly small
in the interband interpretation.

Electric-field-modulation measurements comprise a
useful method for extracting detailed information from
absorption bands. By these measurements, hidden elec-
tronic  states have been found in  poly-
diacetylenes.” 73 In order to clarify the identity of
the absorption band and to get information on the
electron-electron Coulomb interaction, we have mea-
sured the electroreflectance (ER) spectra  of
[Pt(en),][Pt(en),X,](C1O,),, where X =Cl, Br, and I, and
en=-ethylenediamine; preliminary results from the X =Cl
and Br complexes have been briefly reported elsewhere.’!
For simplicity, these materials are abbreviated hereafter
as Pt-Cl, Pt-Br, and Pt-I. The modulation mechanism is
quantitatively explained by the field-induced mixing be-
tween the optically allowed CT exciton and the forbidden
CT exciton, which has been found to be an electric-field-
induced absorption band in the modulation spectra. The
energy separation between the allowed and the forbidden
exciton decreases with substitution of the halogen ion in
the order Cl, Br, and I. This is thought to correspond to
the decrease of the binding energy of the CT exciton due
to the increment in the transfer energy (7).

II. EXPERIMENT

The compounds Pt-Cl, Pt-Br, and Pt-I were syn-
thesized by the method previously reported.’’ Single
crystals of the compounds were grown from water solu-
tion containing 3 wt. % perchloric acid (HCIO,) by slow
evaporation. Two electrodes with constant aperture
width (~0.2-0.3 mm) between them were formed on a
surface of a crystal by painting with silver paste. The
sample was immersed in liquid nitrogen. An ac electric
field of f=1 kHz or 200 Hz was applied between the
electrodes. A 150-W Xe lamp and a 50-W W lamp were
used as light sources. Polarized monochromatic light
was obtained by a monochromator and by a Glan-
Thompson prism. The crystal aperture was irradiated
and the reflected light was detected by photomultiplier
tubes or by a PbS photodetector. The signal was fed to a
lock-in amplifier. Since the crystals of these complexes
have inversion symmetry, the 2f component of the field-
induced change of the reflectivity was measured. When
photomultipliers were used, the frequency of the applied
electric field was 1 kHz. On the other hand, when the
PbS photodetector was used, the frequency was 200 Hz
due to its slow time response.

The ER spectra of Pt-Br were measured with the ap-
plied field parallel and perpendicular to the chain axis
and with the light polarization parallel and perpendicular
to the chain axis in the wavelength range ~350-1120 nm
using photomultiplier tubes. The ER spectra of Pt-Cl
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were measured with the applied field parallel to the chain
axis and with the light polarization parallel and perpen-
dicular to the chain axis in the wavelength range of
~280-730 nm using photomultiplier tubes. The ER
spectra of Pt-I were measured with the applied field
parallel to the chain axis and with the light polarization
parallel and perpendicular to the chain axis in the wave-
length range ~350-1100 nm using photomultiplier tubes
and in the wavelength range ~690-1800 nm using the
PbS photodetector. In the wavelength range ~690-1100
nm no difference has been observed between the ER spec-
tra measured by the PbS photodetector (f =200 Hz) and
those measured by photomultiplier tubes (f=1 kHz).
Therefore, the electroreflectance spectra measured for the
different applied field frequencies can be connected.

We have also measured the polarized reflectivity spec-
tra of Pt-Cl, Pt-Br, and Pt-I for the wavelength ranges
~195-1100 nm, ~195-1400 nm, and ~195-2400 nm,
respectively. The imaginary parts of the dielectric con-
stants €, and the modulation spectra of €, (Ae,) of these
complexes have been obtained from the reflection spectra
and the ER spectra by Kramers-Kronig transformation.

III. RESULTS

The polarized reflection spectra of Pt-Br in liquid N,
are shown in Fig. 2(a). The component polarized along
the chain axis is represented by the solid line and that po-
larized perpendicular to the chain axis is represented by
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FIG. 2. (a) Polarized reflection spectra of Pt-Br in liquid N,
parallel to the chain axis (solid line) and perpendicular to the
chain axis (dashed line). (b) Polarized electroreflectance spectra
in liquid N, parallel to the chain axis for the applied electric
field parallel to the chain axis. The amplitudes of the applied
field are 69 kV/cm (dashed line) and 138 keV/cm (solid line).
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the dashed line. The broad large structure which is ob-
served around 2 eV only for the component along the
chain axis (solid line) in the figure is caused by the CT ex-
citation. The ER spectra (the amplitudes of the 2f com-
ponents of the field-induced reflectivity change) of Pt-Br
in liquid N, are also shown in Fig. 2(b). These are the
components with the applied electric field parallel to the
chain axis and with the light polarization parallel to the
chain axis. The amplitudes (half of the peak-to-peak
values) of the applied ac electric field (F) are 69 kV/cm
(dashed line) and 138 kV/cm (solid line). When the ap-
plied field or the light polarization was perpendicular to
the chain axis, no signal larger than 10~ * was observed
up to F=150 kV/cm. This is consistent with the one-
dimensional electronic structure of the HMMC.

It is clearly seen in Fig. 2(b) that there is no definite en-
ergy shift of the structures in the ER spectra by the incre-
ment of the amplitudes of applied field by a factor 2. In
Fig. 3 the amplitude of the ER signal (AR /R) of Pt-Br
at the energies indicated by 4, B, and C in Fig. 2(b) is
plotted versus the amplitudes of the applied field. The
points fall on straight lines with slope 2, allowing for
some small deviation. This shows that the quadratic
dependence of the ER signal amplitude on the amplitude
of the applied field is dominant. In Figs. 4(a) and 5(a) the
components of the polarized reflection spectra parallel to
the chain axes of Pt-Cl and Pt-I, respectively, are shown.
In Figs. 4(b) and 5(b), ER spectra of Pt-Cl and Pt-I, re-
spectively, for the applied field parallel to the chain axis
and for the light polarization parallel to the chain axis
are shown. No signal larger than 10 * was observed in
the components polarized perpendicular to the chain axis
up to F =150 kV/cm. These spectra are quite similar to
those of Pt-Br. The ER signals of Pt-Cl and Pt-I also
have quadratic electric field dependence.
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FIG. 3. Relation between the electric-field-induced

reflectivity change (AR /R) and the amplitude of the applied
electric field for the energy points A4 (2.21 eV), B(2.42 V), and C
(2.79 eV).
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FIG. 4. (a) Polarized reflection spectra of Pt-Cl in liquid N,
parallel to the chain axis (solid line). (b) Polarized
electroreflectance spectra in liquid N, parallel to the chain axis
for the applied electric field (F =208 kV/cm) parallel to the
chain axis.

In Fig. 6(a) the imaginary part of the dielectric con-
stant of Pt-Br for polarized light parallel to the chain axis
is shown. The intense absorption band at 1.77 eV is the
CT excitation absorption band mentioned before. In Fig.
6(b) modulation spectra of €, (Ae€,) of Pt-Br for the light
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FIG. 5. (a) Polarized reflection spectra of Pt-I in liquid N,
parallel to the chain axis (solid line). (b) Polarized
electroreflectance spectra in liquid N, parallel to the chain axis
for the applied electric field (F =179 kV/cm) parallel to the
chain axis.
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FIG. 6. (a) Imaginary part of the dielectric constant of Pt-Br
for the polarization parallel to the chain axis. (b) Modulation
spectra and energy derivative of the imaginary part of the
dielectric constant (dotted line) of Pt-Br for the light polariza-
tion parallel to the chain axis. Here, the applied electric field is
parallel to the chain axis and its amplitudes are F =69 kV/cm
(dashed line) and F =138 kV/cm (solid line).

polarization parallel to the chain axis and for applied
field parallel to the chain axis are shown: F=69 kV/cm
(dashed line) and F=138 kV/cm (solid line). These
values have been obtained by Kramers-Kronig transfor-
mation from the reflectivity (R) and ER (AR /R) spectra
shown in Figs. 2(a) and 2(b). It is readily seen in Fig. 6(b)
that there is no definite energy shift of the structures by
the increment of the applied electric field strength by a
factor 2. This is quite different from the electric field
dependence expected from the Franz-Keldysh effect,’*3*
as observed around the interband transition absorption
edge in common three-dimensional semiconductors. If
the modulation mechanism is the Franz-Keldysh effect,
the energy intervals of the points where Ae, spectra cross
0 must be proportional to F2/3, and an obvious electric-
field-amplitude —~dependent energy shift of the structures
must be observed. Thus modulation mechanism cannot
be such an effect. The modulation spectra are rather
complicated, but it was found that they are quite similar
to the spectra of the energy derivative of €,, de,/dE,
represented by dotted lines in Fig. 6(b), except for the
structures indicated by 4. This indicates that the modu-
lation spectra are mainly determined by the energy shift
of the allowed CT excitation absorption band to lower en-
ergy and the appearance of a field-induced new absorp-
tion band at 2.23 eV, indicated by A. Quite similar
modulation spectra, which also have quadratic electric
field dependence, have been found in polydiace-
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FIG. 7. (a) Imaginary part of the dielectric constant of Pt-Cl
for the polarization parallel to the chain axis. (b) Modulation
spectra (solid line) and energy derivative of the imaginary part
of the dielectric constant (dotted line) of Pt-Cl for the light po-
larization parallel to the chain axis. Here, the applied electric
field (F =208 kV/cm) is parallel to the chain axis.
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FIG. 8. (a) Imaginary part of the dielectric constant of Pt-I
for the polarization parallel to the chain axis. (b) Modulation
spectra (solid line) and energy derivative of the imaginary part
of the dielectric constant (dotted lines) of Pt-I for the light po-
larization parallel to the chain axis. Here, the applied electric
field (F =179 kV/cm) is parallel to the chain axis.
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tylenes.?®?® In polydiacetylene the modulation mecha-
nism has been quantitatively explained by the field-
induced mixing between the optically allowed exciton
wit2}81 odd parity and the forbidden exciton with even pari-
ty.

In Figs. 7(a) and 8(a) the imaginary part of the dielec-
tric constant €, of Pt-Cl and Pt-I, respectively, for the
light polarization parallel to the chain axis is shown. In
Figs. 7(b) and 8(b) modulation spectra of €, for the polar-
ization parallel to the chain axis and for the applied field
parallel to the chain axis (solid line) and the energy
derivative of €, for the light polarization parallel to the
chain axis (dotted line) of Pt-Cl and Pt-I, respectively, are
shown. It is readily seen that these spectra are qualita-
tively the same as those of Pt-Br.

IV. DISCUSSION

In previous papers we have interpreted the intense CT
excitation absorption bands as CT exciton absorption
bands for the following reasons: (1) the existence of in-
tense luminescence from the self-trapped exciton state
suggests a considerable long-range electron-electron
Coulomb interaction,>®° (2) the excitation spectra of
photoconductivity rise from an energy higher than the
peak energy of the absorption band,?® and (3) the unusu-
ally large oscillator strength (larger than 2 for an MXMX
unit) which cannot be explained by the interband absorp-
tion?” is well explained by the CT exciton model.?> Ac-
cording to this interpretation, it may be quite natural to
expect the existence of an optically forbidden CT exciton
with even parity at an energy slightly higher than the op-
tically allowed CT exciton with odd parity. Therefore,
we have assigned the field-induced absorption band to the
CT exciton with even parity. On the other hand, an al-
ternative interpretation has been proposed, namely that
the CT excitation absorption band is an interband absorp-
tion.”?*?” This is equivalent to the interpretation that
the long-range Coulomb interaction is negligibly small in
HMMC’s. In such a case, the dominant modulation
mechanism must be the Franz-Keldysh effect. As men-
tioned before, electric field dependence of the modulation
signal cannot be explained by such an effect. Therefore,
such an interpretation can be excluded.

In order to quantitatively verify the above interpreta-
tion and to extract more detailed information, we have
made a quantitative analysis according to the formalism
of the field-induced mixing between the optically allowed
CT exciton with odd parity and the optically forbidden
CT exciton with even parity.?®*> Here, only the electric-
field-induced mixing between these two CT excitons is
taken into account for simplicity. Since the modulation
signal is small (AR /R <1072) and has quadratic electric
field dependence, treatment by the perturbation method
may be a good approximation. According to the formal-
ism, the amplitudes of the 2f component of the energy
shifts of the odd (AE,) and the even (AE,) CT excitons
are expressed as

e2F?r2cos?6
AE =—AE,=—7—7—. 1
° ¢ 2(E,—E,) m
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Here, E, (E,) denotes the energy of odd (even) CT exci-
tons, r the transition dipole moment between odd and
even CT excitons, F the amplitude of the applied electric
field, 0 the angle between the chain axis and applied field,
and e the electron charge. The amplitudes of the 2f com-
ponent of the field-induced charge of the oscillator
strengths of the even CT exciton (Af,) and that of the
odd CT exciton (Af,) are expressed as

_ E,r’e*F’cos’0
Afe/fo_ZE (E —E )2 s (2a)

r2e?F%cos’6
—Af,/fm———— . (2b)

Jo/S 2(E,—E,)?

Here, f, stands for the oscillator strength of the odd CT
exciton. Neglecting the broadening effect, the contribu-
tion of the optically allowed odd CT exciton to the modu-
lation spectra of €, (A€9) is obtained from Egs. (1) and
(2b) as

de, €

+

A = — - =
€ dE E,—E,

AE, . (3)

We have fitted Eq. (3) to the modulation spectra, tak-
ing AE, as a variable parameter. Here, we have substi-
tuted the peak energy of the CT exciton absorption band
and that of the electric-field-induced absorption band for
E, and E,, respectively. The energy-shift values of the
odd excitons of Pt-Cl, Pt-Br, and Pt-I in Figs. 7(b), 6(b),

1
N
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Lg¢
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FIG. 9. Difference spectra between the modulation spectra of
€, (Ag,) and best-fit spectra of Aej (solid lines) and the imagi-
nary part of the dielectric constant (dashed lines) of Pt-I, Pt-Br,
and Pt-Cl for the polarization parallel to the chain axis: F =179
kV/cm and AE,= —7.8X 10" * eV for Pt-I, F =138 kV/cm and
AE,=—1.3X10"* eV for Pt-Br, and F=208 kV/cm and
AE,=—1.1X10"*eV for Pt-Cl.
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TABLE I. Peak energies of the odd CT excitons (E, ), those of field-induced absorption bands (E, ),
differences between E, and E, (E, — E,), minimum energies of the structures indicated by B in Fig. 9,
and transition dipole moments between odd and even CT excitons obtained from energy shifts () and
those obtained from the induced oscillator strength (r/).
E, E, E,—E, E, ", r
(eV) (eV) (eV) (eV) (A) (A)
Pt-Cl 2.74 3.28 0.54 3.56 6.3 5.9
Pt-Br 1.77 2.23 0.46 2.47 9.5 8.9
Pt-1 1.22 1.46 0.24 1.67 12.9 12.3
and 8(b), respectively, have been estimated as er that the increase of the transfer energy decreases the

—1.1X10"* (F=208 kV/cm), —1.3X10™* (F=138
kV/cm), and —7.8X 10" * eV (F=179 kV/cm), respec-
tively, within 5% errors. According to Eq. (1), the
transition dipole moments of Pt-Cl, and l:t-Br, and Pt-1
have been estimated as 6.3, 9.5, and 12.9 A, respectively,
within £5% errors. The difference spectra between Ae,
and the Ae§ of Pt-Cl, Pt-Br, and Pt-I are represented by
solid lines in Fig. 9, together with the €, spectra (dashed
line). It is readily seen that the induced absorption bands
indicated by A have a simple one-component line shape
with half-widths a little narrower than those of the CT
exciton absorption bands, which are also represented in
these figures (dashed lines). Such narrow bandwidths are
consistent with the even-CT exciton picture.

We can also estimate the transition dipole moments
from the area of the induced absorption band, indicated
by hatching, using Eq. (2a). The transition dipole mo-
ments of Pt-Cl, Pt-oBr, and Pt-I have been estimated as
5.9, 8.9, and 12.3 A, respectively, within 10% errors.
These values of the transition dipole moments and those
estimated from the energy shifts agree sufficiently well
with each other. This means that the modulation mecha-
nism is well explained by the simple CT exciton formal-
ism. The peak energies of the CT exciton absorption
bands, E,; those of the induced bands, F,; transition di-
pole moments estimated by energy shifts, r,; and those es-
timated by induced oscillator strength, ry, are listed in
Table 1.

It is easily seen in Table I that the energy separation of
these two absorption bands (E,—E,) decreases with
halogen-ion substitution in the order Cl, Br, and I. Such
systematic halogen-dependent changes have commonly
been found in other fundamental values, such as the am-
plitudes of the halogen-ion distortion, the exciton peak
energies, Stokes-shift energies, and oscillator strengths of
the odd excitons.® Such halogen dependence has been ex-
plained by the increase of the transfer energy T in the or-
der T(Cl) < T(Br) < T(I). It seems quite natural to consid-

binding energy of both even and odd CT excitons includ-
ing the energy separation between them. It is also seen in
Table I that the transition dipole moment r between odd
and even excitons increases in the order
r(Cl) <r(Br)r < r(I). Such an increase of the transition di-
pole moments may be attributed to the increase of the ex-
citon radius of both the even and odd CT excitons due to
the increase of the transfer energy. This is consistent
with the decrease of the energy separation E, —E,. Such
large energy separations mean large electron-hole attrac-
tive energies. Unfortunately, we cannot estimate the
values of the long-range Coulomb interaction energies
such as V (electron-electron repulsion energy between
nearest-neighbor sites) because little is known about one-
dimensional excitons in CDW systems. Nevertheless, it
may be safe to consider that the values of V are at least of
the same order of magnitude as the value of E, —E,,.

There are small minima indicated by B on the higher-
energy side of the induced absorption band: the
minimum energies (E, ) are also listed in Table I. The en-
ergy separation between the minimum and the even exci-
ton (AE=E,—E,) decreases with halogen substitution
in the order AE(Cl)>AE(Br)>AE(). Such halogen-
dependent change is the same as the change of the sepa-
ration between odd and even excitons mentioned before.
However, we limit ourselves to pointing out the existence
of such structures because it cannot be distinguished
whether these structures correspond to real electronic
states or trivial interference structures which are over-
looked in the simple CT exciton formalism mentioned be-
fore.
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