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Solitons in Quasi-One-Dimensional Binuclear
Metal Complexes

SHOJI YAMAMOTO

Department of Physics, Okayama University, Okayama 700-8530, Japan

We investigate soliton excitations in halogen (X)-bridged binuclear transition-metal (M)
complexes (MMX chains), which are essentially characterized by competing intrasite and
intersite electron-lattice couplings. Employing a simple electron-phonon model, their spatial
and energy structures are calculated for two distinct ground states of MMX chains. In the
weak-coupling region, all the solitons are degenerate and have close analogy with those in
trans-polyacetylene.

Keywords: MMX chain; soliton; scaling properties

Recent intriguing observations [1,2] for halogen (X )-bridged binuclear transition-
metal (M) lincar-chain complexes (MMX chains) [3-5] have stimulated us to further
explorations into the MX family compounds. MMX chains exhibit a wider variety
of electronic states than the conventional MX compounds. Quantum [6], thermal
[2] and pressure-induced [7,8] phase transitions between them have been activating
not only theoretical calculations [9-12] but also materials research [13]. In such
circumstances, the optical conductivity of MMX chains has recently been calculated
[14], cncouraging photoexperiments on these materials. Then we take interest in
soliton excitations in this system and make the first step in this article.

We introduce a one-dimensional %—ﬁﬂed electron-phonon model:

H = ](I;IX Z[(un - 1771)2 + (vn - un—l)z] — tMM Z(al,sbn,s + blysan,s)

7,8

- Z [tMXM - O‘(T’nﬂ»l — Up )} (bil,sn'nnkl,s + (lfj;+1ysbn.s)

n,s

- /—; Z [('U'n, — Up—1 )a‘;t,ga'n,,.s‘ + ( U, — 1771,‘)[)1,73[]’/1,73} ) (l)

n,s
where aj.hs and b}, are the creation operators of an electron with spin s for the Md.»

orbitalsin the nth MMX unit. o and 3 are the intersite and intrasite electron-phonon
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coupling constants, respectively. u, and v, are, respectively, the chain-direction
displacements of the halogen and metal dimer in the nth MMX unit from their
equilibrium position. The thus-far reported experimental observations suggest that
every Mo moiety is not deformed. We set typv and A both equal to unity.

This Hamiltonian possesses two distinct ground states and their competition is
visualized in Figure 1. The CDW state is characterized by the alternating on-site en-
ergies, whereas the ACP state comparatively by the alternating interdimer transfer
energies. The orbital hybridization within every Ms moiety is essential in the valence-
trapped CDW state, while it is the overlap of the d,+ orbitals on neighboring M,
moieties that stabilizes the valence-delocalized ACP state. Therefore, increasing 3
and fy advantageously act on the CDW state, whereas increasing a and tyxn on
the ACP state. The calculations are well consistent with the experimental observa-
tions; (NHy)g[Pta(pop)sCl] (pop = diphosphonate = Py05HZ7) exhibits a ground
state of the CDW type [15], while Pto(dta)sl (dta = dithivacetate = CH3CS;)
displays that of the ACP type [2]. The M; moieties are tightly locked together in
the pop complexes due to the hydrogen bonds between the ligands and the counter
cations, whereas they are much more movable in the dta complexes owing to their
neutral chain structure. Thus, considering that « indirectly describes the mobility
of the M, sublattice, a significantly larger « is expected for Pty(dta)yl.

Now we scarch for soliton solutions of the Hamiltonian (1). Under the constraint

of the total chain length being unchanged, a trial wave function may be given as [16]
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FIGURE 1. Schematic representation of the two distinct ground states of
MMX chains and their ground state competition.



Downloaded by [University of Haifa Library] at 10:55 11 August 2012

SOLITONS IN BINUCLEAR METAL COMPLEXES 557

S CDW background 80
(a) @=0.1278, f=0.6000, Eg=0.0325

1.50 “M “H“lM”'MI\IIM\ \\hl\i\i\]\lh‘““”“"“ H ‘ ”“ H‘ ‘H “" Il HHHHN. o
i o

145 (b) ¢=0.1609, B~ 0.8000, Eg—0.2619
i

T
< I

1.3
1.9 (c) a=0.1806, f=1.0000, Eg=0.6458

I

+

SRR R
60 80 100 120 140 80 100 120 140
S ACP background 0
155 (a) x=0.1279, B=0.6000, Eg=0.0326

s O i AN
Gt 1111

Al ﬁ (b") x=0.1610, B=0.8000, Eg - 0.2646
‘QR .
*’—_F
N
ST |
~ 13 ‘
< MM
=
S13
1.9 (¢) @=0.1807, B=1.0000, £g=0.6424

o U
l|||\MMH\HHHH T

80 100 120 140 , 60 80 100 120 140

FIGURE 2. Fle(‘,tmmc structures of the negatively charged and neutral solitons in

the CDW (a,b,c) and ACP (a’,b’,c’) states.

Uy — Uy = 0(Vng1 — ) = (—1)"ptanh [(jm — :1',0‘)/@] , (2)

where o takes — and + for the CDW and ACP backgrounds, respectively, a is the
lattice constant, /o is the metal-halogen bond-length change in the ground state,
and xg and & are, respectively, the soliton center and width, both ol which are
variationally determined. All the solitons are degenerate in the weak-coupling region

but the degeneracy may be lifted in the strong-coupling region. The positively and
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negatively charged solitons (S¥) are not primarily degenerate due to no electron-hole
symmetry, whereas the neutral solitons with up and down spins (S°) are essentially
degenerate because of the spin-rotational symmetry. When we compare the solitons
in the CDW and ACP backgrounds, we calculate them in the vicinity of the phase
boundary so as to illuminate their essential differences, if any. Taking the structural

analyses [3,3] into consideration, we set fypinv = 2EMXM-
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FIGURE 3. (a) The optimized width of the negatively charged soliton as a function
of the band gap Ey; in linear and logarithmic scales under various parametriza-
tions, where o and x correspond to the lowest- and highest-energy locations zg.
respectively. (b) The soliton formation energies E; as functions of the band gap
Fg, where P is averaged over xp. The negatively and positively charged solitons
possess more and less than three-quarter-filled electron bands, respectively, and
therefore their formation energies can not be defined in themselves. As for the
charged solitons, £, is further averaged over St and $7.

We show in Figure 2 typical spatial structures of the optimum soliton solutions.
Their formation energies E do not depend on their locations in the weak-coupling
region, but the degeneracy is lifted in the strong-coupling region. As the coupling
strength increases, solitons generally possess increasing energies and end up with
immobile delects. In order to illuminale their scaling properties, we plot in [igure
3(a) & as a [unction of the band gap E,. Although we take o and § at random, &
is uniquely scaled by F, as far as E, stays not so large. We obtain a scaling formula
&fa ~ 0.96/Eg’98 which fits all the solitons S* and S°. It is quite convincing that
such a scaling law breaks down as & approaches a, where the chain no more behaves
as a continuum. Figure 3(b) shows that the soliton cnergics are also scaled by £, in
the weak coupling region, which reads as £ ~ 0.32£,. In the weak-coupling region,

the %—ﬁlled hinuclear metal units can be described in terms of effectively half-filled
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electron bands with the Fermi velocity vp being given by

hop = 2ate; teff =

IMMEIMXM

2 2 ’
2¢/tum + tuxwu

(3)

Then the present Hamiltonian turns out [17] equivalent to the Takayama-Lin-Liu-

Maki (TLM) continuum model [18] for trans-polyacetylene. The TLM scaling rela-

tions

with fa = 26vxnm well interpret the numerical observations.

Finally we discuss
the energy structures with
The back-
ground four bands of the

CDW state are, from the

Figure 4.

bottom to the top, largely
made up of the bonding
combination ¢4 of bin-
uclear Pt2*+-Pt2t units,
that of Pt3+-Pt3t units,
the antibonding combi-
nation ¢_ of Pt2t.Pt2t
units and that of Pt3+-
Pt3* units, while the ma-
jor components of the
four bhands of the ACP
state are the ¢4 orbitals
of interdimer Pt?+-X—-
Pt2t units, the ¢_ or-
bitals of Pt?+-X—-Pt>t
units, the ¢4 orbitals of
Pt3+-X~-Pt3* units and
the ¢_ orbitals of Pt3+-
X~-Pt*t units. Thus, in-
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FIGURE 4. Deunsity of states p(F) lor the optimum soliton so-
lutions with the CDW (a) and ACP (b) backgrounds.
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creasing 3 splits both ¢ and ¢~ orbitals in the CDW state but relatively enhances

the splitting between ¢ and o* orbitals in the ACP state. The optimum soliton

solutions commonly exhibit an additional intragap level. In contrast with the case

of polyacetylene [16], the soliton levels generally deviate from the middle of the gap

in MMX chains. Since the tendency is more remarkable for the ACP background,

the pop and dta complexes may be characterized from this point of view.

This work was supported by the Japanese Ministry of Education, Science and

Culture and by the Sumitomo Foundation.
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