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Observation of Intrinsically Localized Modes in a Discrete Low-Dimensional Material
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We report the experimental observation of intrinsic dynamically localized vibrational states
in crystals of the highly nonlinear halide-bridged mixed-valence transition metal complex
{[Pt(en),][Pt(en),Cl,](CIO,)4}, where en= ethylenediamine. These states are identified by the distinc-
tive structure and strong redshifts they impose upon the overtone resonance Raman spectra. Quantitative
modeling of the observed redshifts is presented based on a nonadiabatic coupled electron-lattice
model that self-consistently predicts strong nonlinearity and highly localized multiquanta bound states.
[S0031-9007(99)08915-2]

PACS numbers: 63.20.Kr, 63.20.Pw, 63.20.Ry, 63.22.+m

Localization of vibrational energy within an extended distinguish dynamical, intrinsic, localization from familiar
lattice can impact any condensed matter process thalisorder-induced localization (present even in linear ma-
involves high energy densities or transport of energyterials), and (b) self-consistently model the source of the
Potential examples include deformation, crack propaganonlinearity instead of postulating it phenomenologically.
tion, shock phenomena and energy transduction. In this Halogen-bridged transition metal compounds (MX
context, solitary nonlinear excitations in low-dimensionalsolids) have been studied extensively as model low-
solids have been extensively discussed for decades [ldimensional electronic materials where the ground states
3]. For example, intrinsic localization of vibrational can be systematically tuned (with chemistry, doping, pres-
energy to form solitonlike excitations, resulting from sure, and temperature) among different broken symmetry
anharmonic coupling in a periodic lattice, was proposedtates [8—10]. PtClI (see Fig. 1) is a very strong CDW
by Davydov [2]. More recently, intrinsically localized example with an intervalence charge transfer (IVCT)
vibrational modes (ILMs) in lattices have been postulatedband edge near 500 nifi=2.5 eV). The material is a
to occur when both nonlinearity and discreteness argvell-formed crystal with a homogeneous lattice consisting
present with appropriate strengths [4]. Despite suclof quasi-1D chains of chloride-bridged(€), units, with
intense interest, however, ILMs have largely remainedeach unit having two associated GlOcounterions [11].

a theoretical construct and unambiguous experimentalhe CDW ground state consists of alternating nominal
evidence for their existence has been elusive, althougRt™ and Pt* sites with a corresponding distortion of the
some previous experimental work in acetanilide and itxhloride ions toward the Pt site. Resonance Raman
derivatives has been interpreted as being consistent witiRR) has been used as a probe of both ground and
their presence [5]. The newly recognized importance ophotoexcited states [8,12,13], and RR spectra obtained
both nonlinearity [4,6] and lattice discreteness [7] for thewith excitation into the IVCT band show the funda-
existence and stability of ILMs provides insight into which mental Raman active symmetric CI-Pt-Cl stretch and a
systems should be probed for their observaton what  progression of many overtones. At low temperatures,
experimental techniqgues may be useful. We report herthe fundamental exhibits fine structure with up to six
ILM (multiphonon bound state) observation in a quasi-discrete, well-resolved modes [13]. Analysis indicates
one-dimensional (quasi-1D) charge-density wave (CDW?his structure to reflect isotopically (i.e., disorder) induced
system, the halide-bridged transition metal complexXocalization for the component modes ranging from five
{[Pt(en),][Pten),Cl,](ClO4)4} (en= ethylenediaming to one oxidized PtGlunit [13,14].

subsequently denoted as PtCl. This highly discrete crys- Here we focus on the evolution of the spectral struc-
talline material has large nonlinearity provided by veryture in the overtones of the Raman active fundamental.
strong coupling between lattice and electronic motionsRaman spectra were obtained using"Aaser illumina-
and with this source of nonlinearity, resonance Ramation at 514 nm of a single crystal of PtCl mounted in a
spectroscopy is indicated as an ideal experimental teclelosed-cycle helium cryostat at approximately 12 K. In
nigue to excite highly energetic vibrational motions. Wethe isotopically natural abundance material, by the sec-
emphasize that this material offers the opportunity to (apnd overtone, the fine structure has evolved to a three
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FIG. 1. Structure of {[Pt(en),][Pten),Cl,](ClO4)4} -
(en = ethylenediamine; H atoms are omitted) [11]. One ‘_,‘:’ ,./\
PtCl chain is shown on the left. Each Pt atom is coordinated o 2
by two ethylenediamine units in a near square planar geometry, ¢ T I ' ] J T ' ]
while CI™ ions connect the Pt sites along the chain. The pack- S 1196 1216 1236 1256
ing arrangement of the 1D chains and their €iQounterions g
is shown on the right. < j\
peak pattern with an approximate 9.6:6.2:1 ratio (data not ' 8{'34 ' 9(')4 ' 9;4 ' 9"14
shown), as expected for localization of vibrational energy
onto a single oxidized Pt€lunit with statistical distribu- /\
tion of Cl isotopes [15]. This suggests that in the natural \.
abundance material, by the second overtone the resonance ' ! ' I ' ‘ ' !
Raman process creates states with localization of vibra- 572 592 612 632
tional energy onto nearly a single PtQ@init, indicating an
increase in localization from the already somewhat local-

ized fundamental. These observations strongly indicate T T T T T T T T
the usefulness of examining high overtones in the isotopi- 260 280 300 320
cally pure materials, which are free of isotopic disorder, Raman Shift (cm *)
for evidence ofntrinsic localization. FIG. 2. Fundamental and overtone spectra of isotopically pure
The fundamental and overtone spectra observed for thegscl. Moving upward in each panel, eaghaxis is offset by
pure®Cl isotopic sample are shown in Fig. 2, while thosethe appropriate integral multiple of tf&d2 cm™! fundamental
for the pure37CI spectra are shown in Fig. 3. In both freque_zncy. __AII spectra have been scaled vertically to equal
cases, the data are conveniently presented in a stack pltaK intensities.
in which each successive trace is offset along the horistretch neas82 cm™! or the small isotopic impurity fea-
zontal axis by increasing multiples of the fundamentalture nea312 cm™! in Fig. 3 can also be assigned [17].
frequency §12 cm™! in Fig. 2 and304 cm™! in Fig. 3). A self-consistent theoretical explanation of multiquanta
Such plots clearly expose the relation of features in théound states must consider both nonlinearity (favoring
overtone spectrum to multiples of the fundamental peakbinding) and quantum tunneling (disfavoring binding).
The lowest energy dominant feature in each trace (marke@nly if nonlinearity is sufficiently strong will stable bound
by vertical lines), demonstrates a strongly increasing anstates localized on a few lattice sites emerge. A char-
harmonic redshift. Further, at higher overtones, each ofcteristic feature of these states will be their large red-
these dominant peaks recurs, offset by the fundamentahifts, resulting from the attractive interaction of Raman
frequency, in the next trace above. A simple interprephonon quanta located at the same Pt@iit. In addition,
tation is that the lowest-energy dominant peaks in theeach overtone can potentially show peaks at higher en-
overtone spectra correspond to all quanta of vibrationatrgy than the most redshifted feature. These peaks, which
energy localized in approximately one PtQInit, while  arise from combination bands involving states with differ-
the higher energy peak corresponds to having all quantamg numbers of bound quanta, inherit their energies from
but one in a localized Ptglunit combined with one combinations of the lower overtones, in a manner easily
guanta in the more extended fundamental. A related exzalculated perturbatively once the redshift associated with
planation has been previously used to describe structutecalization is accurately predicted.
observed in high overtone direct absorption spectra of iso- Thus, in order to explain the unusual evolution of
lated molecules in which local modes exist [16]. Otherthe overtone structure and the energies of the compo-
smaller features, for example, the weak symmetric Pt-Nent bands, we have used a fully nonadiabatic model for
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a small chain segment to calculate the strong redshifiexperimental data, the leading edge of a given overtone
employing exact diagonalization numerical techniquess progressively redshifted and many of the remaining
with large numbers of quanta of the phonon modesomponents are inherited from the lower overtones, with
[7,18]. The model is based on a Peierls-Hubbard descriprelative intensities corresponding to the resonance Raman
tion (i.e., including electron-electron and electron-latticeexcitation process. The interunit coupling, which is weak
coupling) employed successfully for many other MX compared to the self-generated attractive interaction be-
properties [10], and on a realization that BtGlnits tween phonon quanta at high energies, allows the bound
(analogous to small molecules) are the basic, weakly counultiphonon quanta to tunnel quantum mechanically to
pled, building blocks of the extended chain. A strongdifferent PtC} units as an entity. This weak tunneling
electron-lattice coupling is used, involving the Raman acprocess restores translational symmetry and can be treated
tive mode that dynamically self-generates a highly nonperturbatively.

linear lattice potential relative to the coupling between Because the dominant part of the phonon binding is
adjacent units. The nonlinear potential provides an atshort ranged, it can be reasonably determined within
tractive interaction between Raman phonon quanta loa model involving only a few sites. Specifically, for
cated at the same PtCunit. Consequently, thevth  a simple four-site model, which is as large as can be
overtone has at leasV + 1 components, each associ- reasonably handled within the fully nonadiabatic model,
ated with a concomitant redshift. In agreement with tPethe Hamiltonian is

T — 1 — t 1
H = _tZ(Ci+1avcio' + H.c) + Zsinia + ZUiniTnil + hwrarar + horarair + )\R(aR + ar) (ny — ng)
io io i

+ Ar(amr + a;rR)(nz + ng). 1)

[ I Eq. (1), c;, is the fermion operator for a hole of spin
o at sitei, n;, = c;rgc,-(,, and ar and ajr are the bo-
] son operators for the symmetric (R) and antisymmetric
' 20'74 ' 20'94 2114 ' 21'34 (IR) phonon modes with bare frequencieg and .
The Pt atoms are denoted by the indéex 2,4 and
,______—/”\/\/ the Cl atoms byi = 1,3. Their site energies can be
Fmem— parametrized by the charge-transfer gap= ¢, — &,

(= &3 — &4). The electron-electron (Hubbard) interac-

— 1770 1790 1810 1830 tion U; is assumed to be smaller thanso that the ground
E J\’/\’ state of the Hamiltonian (1) with two holes is a charge-
= T transfer insulator, appropriate for PtCl. For the symmetric
€ ' ' ' ! ' ' ' ! modes, the relevant dimensionless parameters quantifying
\% 1466 1486 1506 1526 the redshifts arelg /A andwg/A, which control the de-
= grees of nonlinearity and nonadiabaticity, respectively. In
5 this model, the nonlinear lattice potential stabilizing ILMs
‘2 ' ! ' ' ' ! ' I is solely and self-consistently generated through coupling
S 1162 1182 1202 1222 to electronic degrees of freedom. The calculated relative
S J\ redshift, r, = (nwr — a)gl))/wR, wherewl(;") is the ob-
N served frequency of the multiphonon state witlquanta
' ' ' ! ' ! ' ! in the symmetric phonon mode angk = w{J), is suc-
858 878 898 918 . . .
cessfully compared to experimental data in Fig. 4. We
‘/\ note that calculation of the energies of the combination
N bands proceeds easily from the most redshifted feature (as
' ! ' ! ' ' ' ! noted above), but calculation of the resonance Raman in-
554 574 594 614 tensities and spectral widths is more complicated and is
” not addressed here.
In summary, three observations in PtCl strongly sug-
' I ' I ' T ' l gest intrinsic dynamical localization of vibrational en-
250 270 290 310 ergy. First, the evolution of the fine structure observed

, &

Raman Shift (cm ) for the normal isotopic sample indicates that at higher over-
FIG. 3. Fundamental and overtone regions of the isotopicallfones localization occurs beyond that required to model the
pure PY'CI, presented as in Fig. 2, but wifft4 cm™! offsets. fundamental region [13,14]. However, to probe intrinsic
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