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Spectroscopic effects of disorder and vibrational localization in mixed-halide metal-halide chain solids
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ABSTRACT

Resonance Raman techniques, together with lattice-dynamics and Peierls-Hubbard modelling, are used w0 explore the
electronic and vibrational dynamics of the quasi-one-dimensional metal-halogen chain solids [Pi(en);)[Pren); X5 (CIO ),
(en = CoHgN; and X=Cl, Br), abbrcviatzd "PIX." The mixed-halide materials PCt,_, Br, and PCl, _ I consist of long
mixed chains with heterojunctions between segments of the two constituent malerials. Thus, in addition to providing
mesoscale modulation of the chain electronic states, they serve a3 prototypes for elucidating the properties to be expected
for macroscopic heterojunctions of these highly non-lincar materials. Once a detailed understanding of the various local
vibrational modes occurring in these disordered solids is developed, the electronic structure of the chain segments and
junctions can be probed by tuning the Raman excitation through their various electronic resonances.

1. INTRODUCTION

The halogen-bridged mixed-valcnce transition metal chain complexes, or "MX chain solids” consist of weakly
interacting one-dimensional chains of alternating metal(M) and balide(X) atoms, held together by a ligand-counterion
network, which can take on a varicty of broken-symmetry ground states (charge density wave, spin density wave, eic.) that
can be tuned by varying the chemical compositios. In terms of potential applications, the MX materials display strong
oplical nonlinearities , as well as photo-induced charge separation at heterojunctions. But the primary interest in these
materials lies in the realm of fundamental physics, because they serve as model systems for understanding a wide variety of
low-dimensional phenomena relevant to such malerials as conducting polymers and cuprate superconductors. Because of
their relative simplicity, their crystalline nature and the associated simplicity of interpreting optical spectra, and the ability
to chemically tune to the phase boundary between competing ground states, the MX materials make ideal test cases for
exploring the validity various theoretical approaches. !

Solids of the form {Pi(cn)2)(Pt(en)2X2)(C104)4, (en = 1,2-diaminocthanc and X=Cl, Br, or I), generally referred to
by the abbreviations "PtX," are the most widely studied members of the MX class. These malcrials display a
commensurate charge density wave (CDW) on the metals (i.e. the Pt lons are in alternating valence states P+ gnd
Ptm’é. with 8 large (~1) for PtC1 and small for Pl), an accompanying Peierls distortion of the halide sub-lattce, and an
intense, highly anisotropic optical absorption associsted with the metal-metal iniervalence charge transfer (IVCT) gap.
The work described here is aimed at elucicating the nature of junctions formed between chains made with a single metal
specics but differing halides, 1.e., between PIX and PIX' chains. Questions which arise regarding such junctions include
the spatial extent of the transition region from one elect onic structure (CDW strength, eic.) to another, and whether charge
injection fromn one matcrial to another occurs, as in metal-semiconductor Schottky junctions,  While macroscopic
PIX/PIX' heterojunctions bave proved difficult to fabricate, microscopic collections of these junctions form naturally in
PX, X' mixed solids. Furthermore, the nanoscale modulation of propertics which occurs in these mixcd materials is of
interest in dtself. Optical studies, in particular resonance Raman (RR) measurcincnts, are particularly powerful tools for
characterizing these quasi-1-D mixed snaterials; with RR is possible o tune the Raman excitation into resonance with the



electronic transitions ol particular types of junctior.s and chain segments, and hence explore the electronic structure as it is
reflected in the vibrational behavior. The basic problem with the mixed materials is that we now move into the realm of
disordered solids, and the sometimes surprising conscquences of disorder in 1-D on vibrational spectra must first be
understood. Here we explore these effects, first for the simplest case of pure PtCl, where the disorder arises from randomly
distributed Cl isotopes, then for the more drastic cases of the mixed-halide materials PtCll_xBrx and PtCll_z!x, and
finally use the results to infer the nature of the junctions and the perturbations of the segments in the mixed matenials.,

2. VIBRATIONAL CONSEQUENCES OF DISORDER IN ONE DIMENSION—AN OVERVIEW

The key (0 extracting useful information from the resonance Raman spectra of the MX or other quasi-1-D materials
is to recognize and undcerstand in deuail the spectroscopic consequences of disorder in a one-dimensional lattice. Once these
sometimes complex details — involving the disorder-induced production of localized vibralional modes — are
quantitatively understood, the frequencies and resonance enbancement profiles of the various modes can be used to
determiine the various local environments responsible for these modes. Fortunately, for highly one-dimensional systems
such as the MX matcrials, the effects of disorder are relatively easy to understand and interpret.

The effect of disorder on the vibrational properties of a solid is one of the classic problems of lattice dynamics. A
traditional starting point for theoretical exploration of this problem has been the random two-component linear chain, in
which the two components are treated as isotopes in the sense that they differ only in mass, with interatomic forces
remaining identical. Early computer simulations on such systems yielded an intricate fine structure in the vibrational
densily of states, consisting of a multitude of sharp peaks, which surprisingly did not smooth out as thc number of atoms
in the simulation was incrcased, even when tens of thousands of atoms were used.23 This ran counter (o the intuitive
notion that phonons, by their extended nature, should in effect see a long-range average over the two componeats to
produce a relatively smooth spectrum. The physical explanation for this unexpected result was that the disorder led to
vibrational modes which no longer can be considered extended phonons, but rather are locali.ed on just a few atoms, and
that the viiious peaks correspond 1o modes associated with highly probable sequences of the two components, As
discussed below, our results for PrCl provide the first direct experimental confinmation of these predictions for a real quasi-
one-dimensional solid.

An inwitive understanding of the completely disordered chain can best be gained by approaching the problem in
stages. The first stagc is to consider a single dcfect, e.8. an atom of thc wrong mass, in an otherwise perfect chain; one
then obtains the familiar localized defect modes.S For a two-component chain with the defect atom substituting for the
liguter component, these defect modes obey the following rule: if the substituted atom is lighter than the original, the
defect mode must lie above the highest mode of the associated optic phonon branch, and if it is heavier, it must lie below
the lowes. phonon in that branch. Thus the dispersion of the associated phonon branch plays a critical role in
deterinining the frequency of the defect mode. (I‘or mixed chains such as the PtBr/PtC] and PI/CI sysiems, the
junctions between long scgments of the two types of chain can also be thought of as "defects,” since the translational
symmetry is broken at the junction, and there will be vibrational modes localized at the junctions.)

'The second stage {s to consider the cffects of two such defects in an otherwise perfect chain. As before, we will get
locu) modes at each defect.  But in addition, the two defects now impose boundary conditions on the segment of chain
between them. ‘This leads to a new set of vibrational modes, distinet from the extended phonons and the defect local
modes, localized on this chain segment. Depending on the degree of mismatch between the defect and the rest of the
Latice, and the ordinary phonon spectrum of the lattice, these segment modes can take two basic formns.

In the simpler type, the vibrational amplitude docs not extend significantly into the lattice beyond the two defects, or
even to the defects themselves, but is focalized amost entirely on the segment. For this type of segment mode, which
dominates in the MCYy , Br, system discussed below, the seginent modes with substantial IR or Raman activity will be
those without any nucdes within the segment. A first approximation for the frequency (0 be expected for such modes can



bc obtained by noting that the atomic displacement pattern of such a mode is quite similar to a piece of a of non-zero
wavevector phonon from the associated branch; a segment mode localized on a scgment of Iength d will correspond
approximately (o a phonon of wavevector r/d. Hence, as was the case for the defect local mode, the dispersion of the
associated phonon branch for the perfect chain plays a major role in deicrmining the frequencics of these ~~gment modes.

For this simpler type of scgment mode, the frequencics of the segment modes do not depend strongly on tic nawre
of the defects defining the segments. Thus, for cxample photo-induced electronic defects like polarons and bipolarons,
which would be manifesicd as force constant defects, could also kead to segment modes very similar to those formed by
mass defects, as long as the electronic defect is strongly localized and occurs in sufficiendy high numbers.

In the second type of segment mode, two defects still define a scgment, but the vibrational ampliwde penclrales a
significant distance into the lattice beyond the defects, so that the segment, the defects, and a bit of the surrounding lattice
all participate in the local mode. This less strongly localized type of scgment mode can occur when the mismaich between
the defect and the rest of the lattice is small, when the defect modes are in resonance with a lattice phonon band, or when
the electronic structure changes gradually rather than abruptly near the defects. These weakly localized segment modes are
prominent in the PXCl_ 1. system, and lcad to extrem~'y complex resonance Raman behavior.

‘The casc of a completely random mixed chain is ¢sscntially a combination of several of the above effects. For severe
enough disorder (large enough mass differences between the mixed components), the vibrational modes are so strongly
localized that cach segment or defect feels only the effects of its imunediale neighborhood, and acts as if it were an isolated
segment in a long chain of the type defined by that immediate neighborhood. The observed vibrational spectrum will theo
be just a few localized modes residing on the scgments and defects which occur with the highest probability. (For weaker
localization, the length of the relevant scgments, and hence and the number of possible types of scgment, becomes larger,
s0 that a large number of modes will occur, eventually merging into a broad band.) The particularly simple form taken by
the localized modes in 1-D, and their swong dependence on tne dispersion of the associated phonon branches, suggests that
phonon dispersions can be extracted froin an analysis of the local mode frequencies. As will be scen below, this provides a
novel way of obtaining phonon dispersion information by purcly optical means, a measurement which is impossible in
perfect crystals (inclastic ncutron scattering is the primary method) due 1o the crystal momentum conservation selection
rule (Aq - 0) operant in botts IR and Raman spectroscopy.

3. LOCALIZATION BY CHLORIDE ISOTOPIC DISORDER IN P(Cl

The spectral complexity which can arise from purcly isolopic disorder, with no electronic defects, is illustrated by he
pure PtCl sysiem. Figure 1 shows the Raman and infrared spectra of PtCl at roughly 20K for the fumiamental
CI-le*s-CI symmetric stretch (vy) and asymiretric streich (v?) phonon regions. Shown on top are spectra for samples
prepared with natural Cl isotope abundance (75% 35CI. 25% 3 Cl); on the botiom are spectra for samples prepared with
~99% pure 33Q1. Clearly the fine structure seen in the top spectra ariscs from Cl isotopes, bul there are several puzzling
aspects. Why, for instance, is the v, Raman finc structure so complex coinpared 1o the simplc three-peaked structure scen
in the IR for vz"’ And how docs the addidon of Aeavier isotopes lead to v; fine structure components higher in

frequency than for the pure 35C1 case?

All these surprising fcatures arc purcly lattice dynamical in origin, and can be understood 10 terms a simple 1-D
harmonic mass-and-spring model. Iigure 2 sbows shinulated Ramnn* and IR® spectra, obtained froin such a model which
included only Pt and Cl atoms with first- and second-nearest ncighbor Interactions. Comparison with Fig. 1 reveals
remarkably good agreement. To produce these simulated spectra, the inodel spring constants were first obtained by fitting
the model (o the ~99% *3CI case. This fit included the weak satcllite peaks in the experimental spectra, arising from the
localized modes of Isolated 37C1 "defects;” doing so defined the phonon dispersions for the v, and v, branchcs. ‘The
clgenfrequencics and cigenvectors were then obtained for a hundred 128 atom chains having randomly distributed 31 and
37C1, “The Raman cross-sections and IR dipole moments were calcu'ated for each eigenvector, and the results combined to

fonn the simulated spcc(m“6
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Fig. 1. Experimental Raman and infrared spectra of PtCi at approximately 15 K, for natural Cl
isotopic abundance (top) and for ~99% isolopically pure 35C1 (bottom). (after Refs. 4 & 6)
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The model shows that the unusual features of these spectra are a consequence of the surprising fact that cven the
small mass diffcrence (~5%) between the two randomly distributed Cl isotopes is a severe enough disruption of
translational symmetry to put the vibrational modes into the strongly localized regime. As predicted for this case in the
previous section, the nbserved modes are found to reside on short chain segments defined by a few statistically favored
sequences of isowopes. Figure 3 shows the is«tope sequences and approximate cigenvectors for the six strongest obscrved
Raman peaks; the same isotope sequences give rise 10 the IR modes.
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Fig. 3. Clisotope sequences and approximate alomic displacement cigenvectors for the six strongest
Raman (left) and IR (right) localized modes in natural abundance P1Cl. For clarity, oaly Cl
displacements are shown. Frequencies for the Raman modes are shown. For the IR, modes labelled
a, B, and ¥ fall within the frequency ranges of the correspondingly labelled features in Fig. 2.

‘The remarkably differcnt appearances of the observed fine structures for the Raman-active v| mode and the IR-active
v, mode arc found to be the result of different magoitudes und directions of dispersion for the two phonon branches, with
the v, frequency of the isotopically pure material Increasing with increasing phonon wavevector by 6.5 cm! from
Brillouin zowe center () to zone boundary (X), wbile v, disperses downward by less than 3 cm~1. Given the upward
dispersion of the vj branch, the ordering of the modes, with shorter segments corresponding to higher frequency, makes
intuitive sense. The question of how adding hcavier isotopes can produce bigher frequency vy components is also
answered: the heavy atoms act W define short scgments of light-isotope chain, which for upward dispersion have modes
higher in frequency than the zone center (infinite chain) phonon. For the Vv, branch, the dispersion is so small that the
local modes for all segment lengths cluster closely around the frequencics for ordered 35CI-P('V—35CI---Pln.
3701 PAY 35C1- -1, and 37Q1-PIY-37C1- P chaing.

4. LOCALIZED MODES IN THE PiBry_, Cl, SYSTEM
Compared to pure X systems contalning a single halide specics, the resonance Raman spectra of mixed-halide

systcms, shown in 1ig. 4, are strikingly rich and complex, displaying a multitude of puz2ling features not scco in elther
of the constituent pure X materials.” The Raman spectra of pure PrC or P1Br arc dominated by the fundumental



X—th-x symmetric stretch (vy) chain phonon, at 308 or 165.5 cm‘]. respectively, which are dramatically enhanced
when the excitation cnergy is near resonance with the IVCT band. In contrast, for the mixed PuBry_,Cl, system the
165.5 cm™! modc is replaced a series of lines between 181 and 166 an, cach coming into rcsonance at successively
lower excitation energies, so that typically two or thrce ncighboring lines are observed at a given cxcitation encrgy,
producing an apparent Raman "dispt:mion".8 In addition there appears a cluster of modes near 210 cm™! which also show
strong excitation dependence, and another cluster near 324 cm~! which are both Raman- and infrared-active.

A sysiematic spectroscopic study of the PtBr;_, Cl, system has enabled us to determine that the mechanism for ihe
complex spectral behavior of this system is closely related to that respoasible for the isotopic fine structure in pure PCl,
again involving vibrational modes localized on finite segments, this time defined by sequences of Cl and Br rather than by
isolopes. The PiBry_, Cl, case has the added complication that the PtBr and PtC1 segments have different electronic
properties, leading to differcnt excitation profiles for the various scgments, thus necessitating 8 more detailed theorctical
treatment than for the Cl isotope problem.
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Fig. 4. (Left) Cl concentration (x) dependence of Resonance Raman (RR) spectra at 1.98¢V for
PiCl,Br; _ crystals. (Right) Fxcitation dependence of RR spectra of PtClg |2Brg gg. (aftcr Ref. 9)

The frequencies of all the observed features, as well as their composition dependence and excitation profiles, can be
accurately predicied in a 3/4-filled two-band Pelerls-Hubbard treatment? in which the mixed chain consists of interspersed
short scgments of pure PtBr and PtCI. An inportant predicdon of this model is that the clectronic healing length between
the P(Br and PICI segments is very short, so that the interatomic foree constants within the short scgments aze essentially
the sanc as in the correspouding pure material, Thus, vibrationally, we are again in a sltuation very shinilar to that of the
Cl isotopes of the previous section, but with the disorder much tnore drastic. The IBI 166 cm™! scries arises from the
Vi modc of successively longer scgments of PtBr embedded in PtCI, with the 181 cm™ mod: corresponding to a single
Br-P!Y -Br unit. A comparison of theorutically predicted and obscrved frequencies for these segment modes Is shown in




Fig. 5. The ~210 cm~! aad the ~324 em™! modes arise whenever a PBr 7 PICI junction occurs at a PV site. and
correspond (o the stretching modes of the Br-PUV_C1 unit thus formed, with their exact frequencics depending weakly on
the lengths of the associated scgmenis.  As in the first section, the cigenvectors for the segment modes of the
181-166 cm™! series closely approximate P(Br vy phonons of various wavevectors. Thus the mixed system results
enable us again to indirectly infer the dispersion of this phonon branch as being upward from I' to X by roughly 50 em1.
Further, the excellent agreement between the experiment and the model confinns the model's prediction of a very short
electronic healing length at the PtICY/P1Br junctions; were this not the case, the vibrational spectrum would be drastically
different, as with the PiCly_,1, case below.
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5. THE P(Cly_,L, SYSTEM

Resonance Raman spectra of materials in the PICly I, sysiem are distinguished by being considerably more
complex than those of P\Cl;_, Br, materials. Space does not permit a complete dicrussion of the experimental and
theoretical work on these malcrials. Here we suinmarize some of the more important results. Raman spectra at some
representative excitation encrgies for the case where x=0.2 are shown in Fig. 6, together with those of pure PtCl and pure
Pt for comparison. Auiong the noiable features of the PCly_, I, spectra are the cluster of modes between 149 and
176 cm~!, another cluster between roughly 260 and 290 em-!. Also apparent arc modes in the 300 em! region, which
Cl-isotope enrichment experiments show are purely PtCl-like in character but are shified downward significantly from the
pure PtCl value, and modes from roughly 130 to 145 cm~! which the isotope studics show are purcly Pu-like but which
lie far above the pure PU frequency. Not shown in Fig. 6 are the varlous overtones and combination bands which occur;
most notable Is the fact that lines in the 149-176 cm~! serics form combination bands with the ~260-290 cm~! series
(l.e. features appear at 176+263, etc.), and also that both scries form combinations with the ~300 cm™! PtCl modes.
The implication of these combination bands is that the 149-176 and ~260-290 cm™! serics arisc from either the same
microscoplc vbjects (chain segments, junctions, etc.), of from objects which are physically connected on an atomic scale,
and further that these objects are closcly assoclated with relatively long PCl chain segments.
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Given these combination bands, a reasonable guess for the origin of the 149-176 and ~260-290 cm™! series would be
that they are junction modes analogous 1o the ~210 and ~324 em™! modes of PtCly _,Br,. But harmonic lattice
dynamics demands that the upper modes should be abuve 305 cn~1; also, lattice dynamics doces not predict junction
modes spread over such a wide frequency range. More detailed Peierls-Hubbard modelling shows that the harmonic
approximation breaks down badly for PU. The Peicrls-Hubbard modelling gives the comect origin of these features: The
149-176 cm™! series arises from various short PU scgments. The ~260-290 cm™} series arises from segment modcs of
the second type discussed in Section 2, in which PCl segments arc defined by the short Pul segments responsible for the
149-176 cm™! series, but for which the vibrational amplitude extends to include central PtCI segment, the PU segments,
and some of the PtCl beyond. This interpretation is supporied by the Cl isotope subtitution experiments which show
that these modes have strongly mixed PtCl and PU character.

The softening of the ~300 cm™! PCl-like modes compared to pure PtCl occurs despite two effects which normally
would increase the observed frequency. The first of these this the division of the PtCl chain into segments scparated by
Pul. As discussed in the previous sections, the dispersion of the Raman-active phonon is upward from Brillouin zone
center to zone boundary, so chain cutting should resuit in segment modes of higher frequency, by a few cm™!, than the



q=0 PtCl phonon. The second effect is implied by x-ray structural studies, which show that the Pi-Pt separation in the
PICl segments of PtCly_, 1, is larger thas in pure P1Cl, a condition which ordinarily strengthens the CDW and hence
stiffens the vy frequency. The fact the observed vy frequency actually is lower than in pure PtC! implics that there is a
strong softening effect which counteracts these other two effects. Pe.erls-Hubbard modelling shows this soficning arises
because the electronic healing Jength between P and PtCl is very long (many unit cells), hence this effect is in ¢ssence
the weak CDW of Pl penetrating far across the PU/PiCl junction into the normally strong CDW PiCl segments.

These experimental resonance Raman results have enabled us to determine which of two possible theoretical
scenarios actually occurs in PrCly _, I,. The first of these predicts that the laree electronic band mismatch between PiCl
and Ptl, with the top of the P valence band falling above the PtCI conduction band, would result in the injection of
electrons from the PU scgments into the PtCl in a manner similar to the formation of a Schotiky barrier at
metal/semiconductor interfaces. The second possible scenario predicts that in assembling the mixed solid, the electronic
bands would be perturbed, essentially by an ad-itive constant, so that this charge injection would not occur. We find that
this sccond scenario accurately predicts the obscved resonance Raman behavior while the first fails. In particular, with the
parameters which allow charge injection, the modcl fails to predict the existence of the ~260-290 cm™! series of modes.

6. CONCLUSIONS

We have scen in the PtCI Cl-isotope case and the PtBry_ (1, and PCly_, I, cases the general result that disorder
within the chain leads to.vibrational modes localized on finite chain segments angd at the junctions between segments, with
the vibrational spectra dominated by modes associated with a few statistically favored types of segments. The simplicity
of the 1-D case makes it possible to extract phonon dispersions through analysis of the disorder-induced fine structure.
Furthermore, detailed understanding of the behavior of the vanous local modes has made it possible to test theories of the
electronic structure of these materials. This has made it possibe to demonstrate experimentally that the electronic healing
length between PICI and PiBr is very short while it is quite long between PICl and P, and that elecuron transfer from PU
to PtCl is negligible. Such approaches should be valuable for a wide variety of low-dimensional materials.
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