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Soliton-induced optical absorption of halogen-bridged mixed-valence binuclear metal complexes
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Employing the one-dimensional single-band extended Peierls-Hubbard model, we investigate optical con-
ductivity for solitonic excitations in halogen-bridged binuclear mét@MX) complexes. Photoinduced soliton
absorption spectra foMMX chains possibly split into two bands, forming a striking contrast to those for
conventional mononuclear meté1X) analogs, due to the broken electron-hole symmetry combined with
relevant Coulomb and/or electron-phonon interactions.
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I. INTRODUCTION II. MODEL HAMILTONIANS AND THEIR GROUND-
STATE PROPERTIES
Halogen (X)-bridged mixed-valence metal (M) We describe MX and MMX chains by the one-

complexes? such as [Pten,X](ClO,), (X=Cl,Br,I;en  gimensional - and 3-filled single-band Peierls-Hubbard
=ethylenediamine=&HgN,), which are referred to aMX Hamiltonians

chains, have been playing a prominent role in understanding @

— (1,1
the electronic properties of one-dimensional Peierls-Hubbard Hwx = Dy + ™ + P, (1a)
systems. The competing electron-electron and electron- 12 5 (1.2 @2
phonon interactions yield various ground statésyhich can Humx = by + hysiw + '™ + hx, (1b)

be tuned by chemical substitutioand pressuré.Solitonic  yespectively, where
excitations inherent in charge-density-wa@DW) ground

states stimulate further interest MX complexes. In this his = =ty >, (aL;nvsa,,;n,s+ aI;n,Saﬂ;n,s)
context, we may be reminded of polyacetylene, the trans iso- n.s
mer of which exhibits topological solitorf$ Several TRV NnsMins'» ()

author§'! had an idea of similar defect states existing in
MX chains. Photogenerated solitéh¥® were indeed ob-
served in the P compounds. (1,v) () 1N Lt
. Vi = — t —a(l )/, +1 a . .1,
In recent years, binuclear metal analogs MK com- MXM %[ wx = @y #1070 J@yines Buens
plexes, which are referred to 8MX chains, have attracted

nss’

further interest exhibiting a wider variety of ground + a;t:n,sa/.unﬂ,s) +Vixm 2 Nuneisung s (3)
states:*15 successive thermal phase transitiéh’] photo- nss'

and pressure-induced phase transititing? and incompara-

bly larger room-temperature conductiviyln such circum- hy” == B2 (15N, s+ 150,09

stances, soliton solutions of MM X Hamiltonian of the Su- ns

Schrieffer-Heeger tygehave recently been investigated both
analytically and numericall§? The directM-M overlap con-
tributes to the reduction of the effective on-site Coulomb
repulsion and therefore electrons can be more itinerant in
MMX chains. Hence we take more and more interest in soli- K -
b = =57 2 [05)2+ (157)?). (5)
n

+ VUM
2

2 (n;un,+n,u:n,— + nVZn,+nVZn,—)! (4)
n

tons as charge or spin carriers.

The ground-state properties ®aiMX complexes were
well revealed by means of x-ray diffractiddpuclear mag-  Here, n,.,s=al a,..o with al . being the creation
netic resonanc& and the Raman and Mdssbauer operator of an electron with spise i% (up and dow for
spectroscopyf while very little?>2%is known about their ex- the M d, orbital labeled agt=1,2 in thenth MX or MMX
citation mechanismPhotoinducedabsorption spectra, which unit, ty,, andtyxy describe the intra- and interunit electron
served as prominent probes for nonlinear excitations  hoppings, respectivelyy and 8 are the site-off-diagonal and
complexes?3have, to our knowledge, not yet measured onsite-diagonal electron-lattice coupling constants, respec-
MMX complexes probably due to the lack of a guidingtively, I?:vn—un_l andlﬁf):un—un with u, and v, being,
theory. Thus motivated, we study optical conductivity for respectively, the chain-direction displacements of the halo-
MMX solitons with particular emphasis on a contrast be-gen and metal in theth unit from their equilibrium position,
tween topicaMMX and conventionaM X complexes. Pho- and K,,x is the metal-halogen spring constant. We assume,
toexcitedMMX chains may yield distinct spectral shapes duebased on the thus-far reported experimental observations,
to the definite breakdown of the electron-hole symmetry. that everyM, moiety is not deformed. The notation is further
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dy:n Al:p+1 Ay A2 Al:p+l A2intl
) ! — h - Y p— X Xewerree M —— Moeeere ) M — M -eeee X 2KM>(| $1+) = Bz (<nvir‘l,S>HF - <n,u:n+1,S>HF)! (7)
Upt Vn o Up o Varl 2o A A s
— . D ) where u=v=1 for MX chains, whilex=1, v=2 for MMX
.o - (::) - chains.
o oo os oo oo oo The real part of the optical conductivity is given by
XT. ........ M2+ ...... X._..M‘.I’f.X_ X_ ........ M2+_ M2+ ...... X_..M3+ M"H- X_
. . T
@ COWinMX  (b) CDW in MMX o(w) = =3 H(O[L - f(e](e| el dle - e=hw),
w
FIG. 1. (Color onling Schematic representation of CDW ground o
states observed iMX (a) and MMX (b) complexes. (8

- ~ wheref(e)=(e*eT+1)" and(€’| J| ) is the matrix element
explained in Fig. 1. We sef;xy andKyx both equal to unity  of the current density operatgf between the eigenstates of

in the following. energye ande’. J is defined as
The existentMMX complexes consist of two families: 1.3 12, 12
R4[Pt(pop) 4X]nH,O (X=Cl,Br,I;R=Li,K,Cs,...;pop Tux=Iwxme Immx = Iam + Imxme (9)

=diphosphonate=f®sH3") and M,(dta,l (M=Pt,Ni;dta
=dithioacetate=CELCS,), which are referred to as pop and
dta complexes. The pop complexes possess the mixed- () i€

valence ground state illustrated in Figbj,242”while the dta i = %CMMtMME (@) Buns~ Aunsing) (10
complexes exhibit distinct types of ground state¥22due e

to the predominant site-off-diagonal electron-phonon .

coupling® or metal-on-site Coulomb repulsiéh.Conven- s = ECMXME [ty = (15, +109)]

tional MX complexes structurally resemiiéM X complexes ns

of the pop type and have the mixed-valence ground state + +
illustrated in Fig. 1a),2 which is symmetrically equivalent to X (@1 6@uns ™ BunsBuniis)y (11)

that in Fig. 1b).">3! Hence we study the pop complexes in wherecy,, andcyxy are the averag-M andM-X-M dis-

our first attempt to compare the photoproduct$iMX and  tances, respectively, and are set éggg=2Cyy.343°

MX chains. While the dta complexes behave as |n order to elucidate the intrinsic excitation mechanism,
d-p-hybridized two-band materials in general, the pop com-olitons are calculated at a sufficiently low temperature with-
plexes are well describable withindz-single-band out any assumption on their spatial configurations. Charged
Hamiltonianst® Since the site-off-diagonal electron-phonon solitons (S7;0=+) are obtained by setting the numbers of
COUp”ng is of little Significance with the CDW baCkgrOUndS up- and down_spin e|ectronN+ and N_, both equa| to(p

of the Fig. 1 type, we set equal to zero. The rest of param- -1/2)N-o/2, while spins neutral solitond §°s: s= i%] with
eters are, unless otherwise noted, takerUgs1.2, Vyxm N,=(p—1/2N+s, whereN, taken to be 401 in our calcula-

=0.3, andB=0.7 for MX chains!3233while Uy,=1.0, Vym o - -
’ ! . ! tion, is the number of unit cells amalis the number of metal
=0.5, Vyxm=0.3, andB=1.4 for MMX chains!®26 sites in the unit cell i

for MX and MMX chains, respectively, with

Ill. CALCULATIONAL PROCEDURE IV. RESULTS

We treat the Hamiltoniangl) within the Hartree-Fock ~ We show the spatial configurations of the optimum soli-
approximation. The lattice distortion is adiabatically deter-tons in Fig. 2 and plot their formation energig&s in Fig. 3.
mined and can therefore be expressed in terms of the eled? MX chains, charged solitons are stable laying their centers
tronic density matricegn,,., Jur, Where(:--)e denotes the 0N haloggn sites, while_ neutral _soIitons on metal sites. In
thermal average over the Hartree-Fock eigenstates. Since A6MX chains, all the optimum solitons are halogen-centered.
spontaneous deformation of the metal sublattice has beefs the Peierls gajy,pincreases, solitons generally possess

observed in anMX and MMX pop complexes, we enforce increasing energies and decreasing extents, and end up with
int) 4] = : immobile defectsUy, andVy reduceEy,,and thus enhance
the constraint, ,+I “=0 on everyM-X-M bond. Then the M MM gap

force equilibriam conditions the mobility of solitons, whilevy,xy has an opposite effect.
Without any Coulomb interaction, the soliton formation en-
ergies are all degenerate and scaled by the Peierls gap as
AEs=Eg,/ 7 in the weak-coupling regiorEq,p=tyxw,>
whereas their degeneracy is lifted and neutral solitons have
higher energies than charged solitons with further increasing
gap. Sincekgy,, decreases with increasingy, AEg is a de-
creasing function otJy,. Neutral solitons are more sensitive
to the Coulomb interaction and thus their formation energy
2Kyl = B ((Nn e = (N1 9HE) turns smaller than that of charged solitons with increasing
s Un. Considering thatgy,, is a linear function ofUy,, we

HH HH
< I\EI:()>HF - < M(l\f))()HF - o! (6)
A PIS

yield
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FIG. 2. Spatial configurations of the optimum solitonsMX A +spin (+ spin) A +spin
and MMX chains. Jk—'—P/LJ P /L 4 usgmrq_}/

learn that neutral solitons well keep the scaling relation .0 00 1.0 20 3.0 -1.0 00 1.0 2.0 3.0 40 50
AEs> Egq, against the Coulomb interaction. E E

Figure 2 suggests that &mX soliton of charger and spin
s, S5, described in terms of electrons is equivalent to its
counterpartS—° described in terms of holes. Such a sym-
metry is more directly observed through the energy struc

tures shown in Fig. 4. Solitons generally exhibit an addl'andS“ are degenerate fav1X chains but distinguishable for

tional level W'Fhm the gap. Therg appear further SOIItOn'MMX chains. The asymmetry between thé Sbsorption
related levels in the strong-coupling regi¥nThe intragap . .
bands can remain even in the absence of the Coulomb cor-

soliton levels are analyzed in more detail in Fig. 5. When therelation provided the electron-phonon interaction is suffi-
coupling strength increases without any Coulomb interac-

i T | -
tion, the midgap level due to a neutral soliton keeps still ciently strongAlthough the spectra &' and<” are degen

, . . ‘erate for bothM X and MM X chains, those foMMX chains
while the charged-soliton levels deviate from the gap center, S o
are interesting in themselves. TI® spectrum is single-

Once the Coulomb interaction is switched on, the neutral- eaked forMX chains but splits into two definite peaks for

soliton level also begins to move away from the gap CenteE/IMX chains.The doublet structure of the’ Spectrum is due
breaking the spin up-down symmetry. Soliton-related elec; i

. S t{) the combination of the broken electron-hole symmetry and
tron and hole levels are neces_sarlly symmetric with reSPeGhlevant Coulomb correlatianin principle MX chains also

to the center of the gap il X cha_uns, while such a symmetry lose the electron-hole symmetry with thefr p, electrons

is generally broken itMMX chains. The electron-hole sym-

. . o activated®® which indeed applies to the Xicompounds?®
metry IS kept and broken in thv&?( Hamiltonian(1a) and the However, it is not the case with theXPand P compounds,
MMX Hamiltonian(1b), respectively.

Now we show in Fig. 6 photoinduced absorption spectraWhere the energy level of th¥ p; orbitals is much lower

which are expected df1X andMMX chains. Since photoin-

FIG. 4. Density of states for the optimum soliton solutions.

duced solitons are necessarily in pairs, we superpos&the
() spectrum on thest (S7) spectrum. The spectra &

0.1 0.2
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] _ _ 02 IMMX
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0.2
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U,
. FIG. 5. (Color onling Energy shifts of the localized soliton
FIG. 3. The formation energies of the stably located solitons adevels from the gap center scaled by the Peierls gap as functions of
functions of the Coulomb interaction, wheg=0.7 andU,, varies  the Coulomb interaction. The parametrization is the same as that in
keeping the relatiotJy,=Vyxm/0.25 for MX chains, whilef=1.4 Fig. 3. The level structures of up- and down-spin electrons are
and Uy, varies keeping the relatioby,=Vyu/0.5=Vyxm/0.3 for plotted by solid(broker) and broken(solid) lines, respectively, for
MMX chains. ST (Y, while they are degenerate for charged solitons.
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luminescencé.A neutral-soliton pair has a lower formation
energy-?23341put a shorter life-timéunder realistic param-
etrizations. Photoexcited[Pten,X](ClO,), (X=CI,Br)
(Refs. 42 and 4B8and [Pt(en),l ](ClIO,), (Ref. 44 indeed
yield intragap absorptions attributable to neutral and charged
solitons, respectively. The charged-soliton spectrum has a
single-peaked Gaussian shape, which is well consistent with
Fig. 6, while the neutral-soliton spectrum consists of a mid-
gap main band and an accompanying shoulder structure,
which demands further driving forces such as lattice
fluctuations®?

Solitons may be photogenerated MiMX complexes as
I well, yielding a contrastive absorption spectrum of doublet
N structure. The separation between the t@bbands is in
proportion to the on-site Coulomb repulsion and may there-
fore be reduced with pressure applied, whereas the asymme-
try between the twdS* bands is sensitive to the electron-

FIG. 6. Absorption spectra with a soliton excited féiX and  lattice coupling and may thus be enhanced by the halogen
MMX chains. The low-frequency structures are scaled up in insetgeplacement Gk Br— 1. Photoinduced absorption measure-

ments onMMX complexes may not only reveal the doublet

than that of theM d,» orbitals and thus the-orbital contri- structures of soliton—in.duced spectra but also give a key to
bution may effectively be incorporated into the intermetalth® unsettled problem il X complexes—the shoulder struc-
supertransfer energy of the single-band Hamiltoriza. In ture of _theSO absorption spectrum. Let us makg a c_Iose c_ol-
fact a two-band calculation of the PtCI compoffhstill re- laboration between experimental and theoretical investiga-

sults in a single-peake®? absorption band near the gap cen- ions of dynamic properties dtMX complexes.
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