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We study i) the ground-state and optical-excitation properties of
halogen-bridged binuclear metal complexes, which are known as MMX
chain compounds, by the strong-coupling expansion for a
one-dimensional two-orbital extended Peierls-Hubbard model, and ii)
the dynamics of domain walls between the neutral and ionic phases in
mixed-stack charge-transfer complexes, by solving the time-dependent
Schrédinger equation for a one-dimensional extended Peierls-Hubbard
model with alternating energy levels. We find in i) that competition
between electron-electron and electron-lattice interactions and
competition between short- and long-range interactions are both
important for the electronic phase variation, and in ii) that charge and
lattice dynamics immediately after photoexcitations is complex and not
explained simply within the domino picture.

Keywords: MMX chain; charge polarization; charge density wave;
mixed-stack charge-transfer complex; neutral-ionic phase transition;
photoinduced phase transition

INTRODUCTION

Assembled metal complexes in low electronic dimensions have a
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variety of broken symmetry states due to competing or collaborating
electron-electron and electron-lattice interactions. Especially in low
dimensions, the metallic phase with a partially filled band is unstable
and consequently the ground state appears with a charge gap and/or a
spin gap, which often originates from the broken symmetry and is
accompanied with a long-range order. Because the long-range order is
often produced by competing interactions and easily destroyed by large
quantum fluctuations in low dimensions, the electronic phase is
generally sensitive to a small change in the electronic environment, such
as inter-molecular overlaps and inter-site repulsion strengths.

When different broken-symmetry states are nearly degenerate, the
transition between them takes place often discontinuously. In some
cases, the transition is induced not only by lowering the temperature or
applying the physical or chemical pressure but also by irradiation of
lights. The latter transition is a non-equilibrium process and nonlinearly
depends on the photo-excitation energy and intensity, for example.
Studying the dynamics of electrons and lattice displacements not only
reveals the competing interactions but also leads to a possibility for
dynamically controlling the nonlinear excitations with many external
parameters.

Here we theoretically study i) the ground-state and
optical-excitation properties of halogen-bridged binuclear metal
complexes, which are known as MMX chain compounds, and ii) the
dynamics of domain walls between the neutral and ionic phases in
mixed-stack charge-transfer complexes, which are related to the MMX

chain compounds.
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ELECTRONIC PHASE VARIATION IN MMX CHAIN
COMPOUNDS

In the MMX chain compounds with transition metal M=Pt, halogen X=I,
ligand L=pop, where pop denotes P,OsH,™, and different counter ions,
various charge and lattice ordered phases are found!". With increasing
the distance between the M atoms bridged by an X atom duxas, the
electronic state is suggested change from the averaged-valence phase
(M**M*Z*-X-M**M*"-X-; AV), the charge-density-wave phase
(M2+M2+——X-M3+M3+—X——; CDW), to the charge-polarization phase
(M M-X-MP M X--; CP)2,

We use a one-dimensional two-orbital extended Peierls-Hubbard
model for M d» and X p, orbitals in the -M-M-X- unit. The transfer
integral between the M sites within the unit is denoted by #,4, while
that between the M site and the nearest X site by # —oy, with y being
the corresponding MX bond length relative to that in the regular lattice
and o the site-off-diagonal electron-lattice coupling strength. The
energy level of the X p, orbital is denoted by &y, while that of the M dy»
orbital by &y —fy, with B being the site-diagonal electron-lattice
coupling strength. The on-site repulsion strengths are denoted by Uy, at
M sites, and Uy at X sites. The inter-site repulsion strengths are denoted
by Vs for the nearest-neighbor M sites within the unit, V. for the
nearest-neighbor M and X sites, Vym for the nearest-neighbor M sites
bridged by an X site, Vv for an X site and the next-nearest M sites,
and V; for the next-nearest-neighbor M sites. The M-M distance within
the unit is regarded as rigid. The elastic constants are denoted by Ky
for the MX bond length, and Ky for the distance between the
neighboring M-M units.
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There are two classes of MMX chain compounds. In Ptz(RCS, )4l
(R=CHj, n-C4Hy) containing neutral MMX chains, the electric
resistivity is  metallic at room  temperature and the
alternate-charge-polarization phase M*'M?'-X-M*>'M?'--X--; ACP) is
suggested to be the ground state!”’. In this case, the MMX chains are not
accompanied with counter ions; Ky is consequently small, so that the
binuclear M-M unit can be alternately displaced to gain energy from the
o term!. The other class, Rs[Pty(pop)sl]nHO [R=Na, K, NH.,
(CH3(CHz)7)2NHa, etc.], has counter ions and water molecules, so that
Kuxas is very large. As a consequence, the M-X-M distance dagar is not
modulated, and the ACP phase is hardly achieved.

For small dyy the transfer integrals would be large, which
enhance the itinerant character of electrons, so that the realization of the
AV phase is reasonable. For large dims, on the other hand, electrons
tend be localized. Then we consider the strong-coupling limit of
tu~tuxy—=0=0. The energy difference between the CP and CDW phases
per binuclear unit is given by Ecp—FEcpw=Vo—Vaud2, on the assumption
that the magnitudes of the lattice displacements are the same. The
counter-ion-induced change in dyxy, would not so much affect Vi, but
modify V>, though 5 itself is smaller than the other inter-site repulsion
strengths. Then the increasing dyxys reduces V> and thus Ecp—Ecpw,
favoring the CP phase relative to the CDW phase. This is consistent
with the experimental observation.

Next we consider small but finite transfer integrals. The present
two-orbital model is reduced to the one-orbital model, where the
effective transfer integral between the nearest-neighbor M sites bridged

by an X site is given by fypr ~[(A7+81ax 2)'*—Ay 1/4 for the CDW and
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CP phases. Here A, denotes the M d»-X p. level difference in the hole
picture, A, = &y —&x +Uy —Ux +2Vipr~2Vyy. The second-order
perturbation theory with respect to f4s and £y gives more information
on the electronic phase competition. In the CDW phase, the energy gain
from the #yns term is given by 2ty 2/(Un—Vamg) , and that from the fayas
term by i1 2/(2ﬁb/|—K»1M +2V75). In the CP phase, the energy gain from
the t/ term is given by fyms % 2BV —2V2), and that from the faxs
term by fapos 2/(2[3[)/|+VMM —2V3). This implies that the CDW phase is
stabilized by the S term. The site-diagonal electron-lattice coupling 8
originates from the Coulomb repulsion, so that it would decrease and
stabilizes the CP phase with increasing dymy This is also consistent
with the experimental observation.

The relative importance of the § and V> effects cannot be judged
unless quantitative estimations are made. Usually the longer-range V> is
assumed to be much weaker than f, but the screening effect would be
very weak now. The optical conductivity spectra of the XMMX
monomers support this idea. Both effects would be important. The
lowest-energy optical absorption appears at 28y|—Vint2V in the CDW
phase, and at 28|+ Vimr—2V> in the CP phase, in the strong-coupling
limit of the one-orbital model. Since V> << Vipg V> << Vigasand Vaps >
Vi, the CDW phase has lower-energy absorption than the CP phase
with a similar magnitude of y. This is also consistent with the
experimental observation'”. The recently observed, pressure-induced

[5]

phase transition”” is also understood in the same manner as above for

the variation with counter ions.



Downloaded by [University of Haifa Library] at 10:58 11 August 2012

472 K. YONEMITSU et al.

PHOTOINDUCED  VARIATION IN  CHARGE-TRANSFER
COMPLEXES
Stability of almost degenerate, different-symmetry states is essential to
photoinduced phase transitions'®.. Then we [ocus on the photoinduced
dynamics in the mixed-stack charge-transfer complexes composed of
alternating donor and acceptor molecules, which are described by a
model simpler than but similar to the above. In the typical material,
TTF-CA, the ground states are either neutral or ionic, and the ionic
phase is accompanied with dimerization of a donor molecule and an
acceptor molecule. Time-resolved spectroscopy measurements after
photocxcitations have been extensively pcrformcdm and show threshold
intensity of excitation!®!. More recently, ultrafast optical switching from
the ionic to neutral states is observed to be accompanied with coherent
motion of the macroscopic neutral-ionic domain boundary!®!,

Since the theoretical studies so far have been limited to

101 o to

[11]

localized-electron systems coupled with lattice displacements
the adiabatic potential analysis of itinerant-electron-lattice systems
we fully solve the time-dependent Schrodinger equation for a
one-dimensional extended Peierls-Hubbard model with alternating
energy levels, not relying on the adiabatic approximation. The transfer
integral is given by #—oy, with y being the bond length relative to the
regular case and ¢ the linear coefficient. The on-site repulsion is
denoted by U. The nearest-neighbor repulsion is given by
V(y)=V-Piy+By”", with two coefficients B; and B. The level difference
between the aceeptor and donor sites is d—4V(y). The potential for y is
(ki1/2)y*Hko/4)y*. We use the unrestricted Hartree-Fock approximation

for the ionic ground state, change the occupancy of an equal number of
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the HOMOs and the LUMOs, and add random numbers to lattice
displacements and velocities according to the Boltzmann distribution at
finite temperature 7. We use #=1, o=1, U=10, V=1, Bi=1, B=7,
d=11.62, k=8, k=100, the optical phonon frequency @=0.0576,
7=0.0086, and 100 sites with periodic boundary condition. Figure 1
shows ionic domains (p>0.55) and neutral domains (p;<0.55), as a
function of site / time ¢ (scaled by w) after the photoexcitation. Here p;
denotes  the locally  averaged  ionicity at  site [
p/=(—1)/(1/4)(2<n/>—<n/_1>—<n/+1>)+1, with <m> being the electron
density. One electron is excited in Figure 1(a), while eight electrons in
Figure 1(b). The dynamics clearly shows the initial dependence on the
intensity of excitation [the final state is ionic in (a), but neutral in (b)]

and the oscillation of the neutral-ionic domain boundary [appearing at

@t >180 in (b)], which are reminiscent of the experiments®!.
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FIGURE 1  Contour lines for p=0.55, as a function of site / and time #
(scaled by w) after the photoexcitation. One electron is
excited in (a), while eight electrons in (b). Parameters are
explained in the text.
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