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Quantum lattice effects in mixed-valence transition-metal chain complexes
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Inspired by the recent observation of intrinsically localized vibrational modes in halide-bridged transition-
metal chain complexelsSwansonret al. Phys. Rev. Lett82, 3288(1999], we study strong-coupling effects
between electronic and lattice degrees of freedom on the basis of a two-band, 3/4-filled Peierls-Hubbard model.
Combining a very efficient Jacobi-Davidson algorithm with the maximum entropy method, the low-energy
physics of the Peierls-Hubbard model is analyzed in finite chains with high accuracy, preserving the full
dynamics of the Raman- and infrared-active phonon modes. Results for several experimental observables,
including the valence disproportionation, local magnetic moments, lattice distortions, spin and charge structure
factors, and optical response are discussed. The redshift of the overtone resonance Raman spectrum is calcu-
lated to be in quantitative agreement with the experimental data found for isotopically pi@s. Riost
significantly, the numerical results provide clear evidence of the existence of spatially localized multiphonon
bound states in quasi-one-dimensional charge-density-wave systems with strong electron-lattice coupling.
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[. INTRODUCTION along the chain only byincoherent quantum mechanically
hopping processes. Consequently the vibrational energy is
Quasi-one-dimensiondll X solids, consisting of chains of localized in a small segment of théX chain near the im-
transition-metal ions NI =Pt, Pd, N) bridged by halogens perfection.
(X=CI, Br, 1), have been the subject of intense experimental [n this context, a question of principle arises as to
and theoretical study because the various compounds of thghether, in addition to this familiar disorder-induced local-
family exhibit a remarkable range of strengths of competingZation of vibrational energy, a dynamicattrinsic localiza-
electron-electrony and electron-lattice forces, and conse-tion of phonons might take place pure M X solids. Theo-
quent physical propertiés® Most notably, these systems ex- retically, such intrinsically localized ylbratlonal modes_
hibit a wide variety of broken-symmetry ground states, rang{|LM's) have been postulated to occur in an extended peri-
ing from a charge-density waw&€DW) in platinum based odic lattice when botmonlinearity (anharmonicity anddis-
materials to a spin-density wavéSDW) in nickel-based cretenessare present with sufficient strengtﬁsF.rom this
materials® A particularly interesting class are theXPtom- ~ Point of view, the highly discrete crystalline, strong-CDW
pounds, which are typically Peierls distorted, where theMX materials seem to be good candidates and indeed,
charge disproportionatiotalternating valendeof the Ms ~ Very recently, an experimental observation of ILM's
sublattice is stabilized by a structural distortion of theub- ~ has been reported iPt(en)][Pt(en)Cl,](CIO,), (en-
lattice (see Fig. 1 The degree of the Peierls distortion can ethylenediaming” subsequently denoted by PtCI. In isotopi-
be varied, e.g., by changing the halide, with PtCI, PtBr, ancfally pure PtCl the source of the nonlinearity is the strong
Ptl typical of MX chains ranging from strongly to weakly coupling between electronic and lattice degrees of freedom,
distorted limits. Because of the tunability of the strength of

the CDW, the size of the energy gap between the occupiec < ™C €=c C=c €=c
and unoccupied states can also be varied over a strikingl ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
large range. This has important consequences for the spatic N N N N N N N N
configuration of gap states created by inhomogeneities o ‘ ‘/ \/ \4‘
local defects in the process of structural relaxation. These—— =X Pf i K Pl eeemsee P e
gap states can be charged, such as electron-hole polarons a 1 \ l \ 1 \ l \
bipolarons, or neutral, such §shotoexcited excitons. In all N N N N N N N N
cases, they are accompanied bylogal lattice distortion ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
ranging in size from one or two unit cells in PtCl to more _c cmC cC c—C

then 30 unit cells in Ptl. If the lattice distortion is large and
highly localized, the energies of the gap states are relatively FIG. 1. Basic structure of théPt(en)][Pt(enkX,](ClIO,),
far from the valence- and conducting-band edges. Then thosfain materia[not shown, for clarity, are the H atoms of tken)
multiphonon gap states are tightly bound and can diffusdigands and the CIQ counter iongafter Ref. 4].
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and consequently resonance Raman spectroscopy has be X pe™® X pt™?®

used as an ideal experimental technique to measure the el
ergy of the characteristic lattice vibrations associated with
the local distortions of the gap states. The ILM’s are identi-

fied by the strong redshifts they impose upon the overtone |

on the Jacobi-Davidson and maximum entropy methods in '
order to investigate the ground-state and spectral properties

of the two-band Hubbard model coupled to both Raman- and FIG. 2. Lattice displacements for the three zero-wave-vector
infrared-active phonon modes without any adiabatic approxitongitudinal Raman and infrared optical phonon modes inXPt
mation and for significant chain lengths. Calculating the red-unit cell.

shift of the resonance Raman spectra, we confirm the eXIT—X-M('”*”-X—M“'"‘”—]n chain, and refer to the

tence of ILM’s in the coupled electron-phonon system imple NN mass-and-sorind model illustrated in th ,
considered. Clear signatures of these localized muItiphonoﬁ pie N ass-and-spring moaet lustrate € uppe
part of Fig. 2. Lattice dynamics then predicts one acoustic

bound states are also found in the optical response. and three optical intrachain longitudinal phonon branches for
The paper is organized as follows: In Sec. Il we introduce P 9 P

the Peierls-Hubbard Hamiltonian and comment on the modeq1Is four-atom unit cell B=A, _R’ IR, an(_j R2). Atthe zone
parameters appropriate for PtCl. In Sec. Ill we analyze th&enter =0) one of th_e optic mode_s '§ RaméR) active
ground-state properties of the Peierls-Hubbard model. Se(?—nd_ the other two are infrareiR) active:’ The normal co-
tion IV presents exact diagonalization results for the excitaOrdinates Qp) an_d momenta R,) for these zone-center
tions; in particular, we calculate the optical conductivity andmOdeS can be written as

discuss the occurrence of ILM’s, using chains of eight sites .

in length® Our main conclusions are summarized in Sec. V. Qp=N""2> M¥¥eg ix}.. Ps=Qp. )

The work is supplemented by two appendices illustrating the “

technical details of the computational procedures such as thehere{x}, andM, are the actual ion displacements and ion
implementation of the electron-phonon batppendix A)  masses, respectively. For the case of a PtCl chain, the corre-
and the efficiency and accuracy of the Jacobi-Davidson alsponding frequencies and eigenvectors are listed in Table I.
gorithm compared to the standard Lanczos diagonalization Introducing, as usual, phonon creation and destruction op-
technique(Appendix B. erators

| |

| |

resonance Raman spectra. A first theoretical modeling of the "® : | :
observed redshift was based on a nonadiabatic couples ! ; ! '
: vas _ oal P, s B ——— -
electron-lattice Hamiltonian for a single @, unit.* [ [ | |
In this paper we use an exact numerical approach base @y, i = ' =

| |

| |

>
I
I

® 1/2 1 1/2
Il. MODEL bg):(ﬁ Qptit) m) Ps, )

wonic system i ono,takes it account a single orbial pe{e COUPINg of theMX electron system to the Raman- and
) > PR ey IR-phonon modes takes the form
ion (the M dZ and X pz orbitals with six electrons pevl,X,

unit cell at stoichiometry*! Including only nearest-neighbor t

(NN) hopping processes between adjacent metal and halide Hel-ph:AR(bRJ“bR)zI: (Mi2=Nia)
sites, our starting point is the one-dimensional two-band

tight-binding Hubbard model
+)\IR1(bIRl+bITR1)§|: (Ni2+Niz—nj—n3)

Helzz Sanlao_t 2 CITaoCI'a'a'_FE UanlaTnlaJ, ’
lao (a,l"a"yo [
1)

wherec/, (c,,) creategannihilateg an electron with spin
projectiono in a Wannier state at sit¢, «}, andn,,,, is the
corresponding fermion number operator. Heend|’ label
the unit cells, and we use the convention that Me(X)
atoms sit on eveffodd) sites denoted by the intracell index

+)\|R2(b|R2+b|TR2)§|: (Miz—=Njp+na+ny) (4

TABLE I. Frequencies and eigenvectors of the zone-cerger (
=0) acoustic and opticaR and IR active phonon modes of a PtCl
MX chain. Results are obtained by fitting the force constants to the
Raman and IR spectra of a PtCI ch&Ref. 4. The corresponding
lattice displacements of the optical modes are sketched in Fig. 1.

a’?,:2’4 (1,3)._ Their on-site energies, can be param- w s 1] vem ] (&g

etrized by the difference between metal and halogen electron

affinitiesA =&\, — ey . The other parameters of modé) are A 0 0 (0.276, 0.651, 0.276, 0.651)

the NN transfer amplitude and the on-site(Hubbard R  5.87910'3 312 (0.707, 0,—0.707, 0)

electron-electron interactions,, .*2 IR1 6.72810' 357 (0.627,—0.455, 0.627,—0.077)
Discussing the lattice degrees of freedom, we considefr2 2.882 102 153 (0.174, 0.608, 0.1740.755)

only the one-dimensional (Peierls distorted
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(N denote the interaction constantand . GROUND STATES

To understand the consequences of a dynamical electron-
Hon="T wgbRbr+ 0 g1 bR DIR1+ FiwiRoDIRDIR2, (5)  phonon interaction for our two-band model, we first examine
the ground-state properties of the PHM. Besides the various

is the lattice contribution in harmonic approximation. Then contributions to the ground-state enerdso), Epn=(Hpn,
Eel—ph= <Hel—ph>7 andEg= <Hel>1 with

H M= H+ Heppnt Hon (6)
’ ’ Ekin: —t 2 <C|Ta0'C| ’a’a’)v (7)
constitutes the so-calle@eierls-Hubbard modelPHM). (laol’a’)o
The sets of parameters capable of describing Pt and Ni-
basedMX materials in the framework of the Set al*? Ea=2 £a(NMao)s (8
model and related one- and two-band models have been lec
estimated 51120{;1 comparison to band  structure
calculation$® i [m(_)re recent Iocal_—de_nsny-apprommatlon Eu=> Uo(Nia M), )
(LDA) results including the ammonia ligands can be found T

in Ref. 16. Within the PHM, for the PtCl| CDW systen
:12, Upt:O.S, Uc|:0, ﬁwR=005, ﬁw|R1=0.06, and
fiwr,=0.024 seem to be appropridteyhere the energy
scale is given by the NN transfer element1.54 eV (cf. ni=((ni;+n;))), (10
also Refs. 2 and 4 )

Besides modeling reall X chain materials, the PHM is a the local magnetic momerits

physical quantities of interest are the local particle occupa-
tion numbers

generic many-body model that is interesting in its own right, 3
mainly because it accounts for several competing effects Li:_<(niT_ni1)2>1 (11)
which are of general importance in low-dimensional solids. 4

First of all the PHM interpolates between the smkllimit, the NN bond order parameters

where theM -X hybridization cannot be neglected, and a pro-

nounced charge-transf@CT) situation at large. In particu- pc 1 N N

lar, for the latter case, where an effective one-band descrip- Pi-i+1=% ; (CigCi+10t Cit1oCio)s
tion might be possible, the itineracy of the electrong)(

strongly competes with the electron-electrat)) and  With E:\Llpipf:(ﬁ'l): —Ein/2t, and the spin and charge struc-
electron-phononX§g) interactions, which tend to localize the ture factors

charge carriers by establishing SDW and CDW correlations

on the metal §ites, respectiyely. As a result, at hglf-filling, s(q)= i E <SZS_Z>eiq(i—j) (13)
even a metal-insulator transition of the Mott or Peierls type N

can take place, depending on the relative strength of the

Hubbard and electron-phonon interactions. The spontaneo

Peierls dimerization transition to a less symmetric, but

(12

1 o
lower-energy, configuration definitely takes place at tem- Se(a)=y > [(ninj)—n?]eai-), (14
peratureT =0 in theadiabaticlimit (at least folJ=0). It is t
well known, however, that in a wide range of quasi-one-respectively. Herei,j=1, ... N renumber the lattice sites

dimensional metals, the lattice zero-point motion is compaznd(. - .)=(yy|- - - |#). Additional useful information can

rable to the Peierls lattice distortion, which makes the rigidpe optained from the so-called phonon distribution funéfon

lattice approximation questionabl&?* The PHM is clearly  [for notation, see Appendix A, EGAL)]

a prototype model with which to study the problem concern-

ing the stability of the Peierls-distorted ground state against (M) v 12

qguantum phonon fluctuations. Moreover, any theoretical Cp(m)= rzs (SRR (15

analysis of the unconventional transport and optical phenom- '

ena observed in low-dimensional CDW systems has to be

based on such a type of dynamically coupled electronwhich gives the relative weight of the-phonon state of the

phonon model. B-phonon mode in statpy). The normalization of ) im-
Motivated by this situation, in the following sections, we plies EMZOC(BM)(mF 1.

carry out a comprehensive exact diagonalization study of the Table Il presents our exact diagonalization results ob-

PHM, treating the electron and phonon degrees of freedortained for theN=8 site PHM at selected electron-phonon

on an equal footing. To this end, we consider the PHM on arcouplings(in what follows SMA and DMA denote single-

eight-site lattice with periodic boundary conditiot$?and  [Ajr1=Ar,=0] and double-mode \,z,=0] approxima-

focus on the physically most interesting 3/4-filled band casetions, respectively In the noninteracting case g=0; first

If not otherwise stated, we use the PtCl parameter set quotezblumn), the partial densities and charge structure factor

above. Sc() reflect the CT A =1.2) from metal(M) to halide(X)

{mé,=m}
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-

TABLE Il. Energy contributions to the ground-state energy  1.95
(Eop), lattice displacement(Qg)), particle densities r{;), local A=0.00
magnetic momentsL(), and bond-order parameterg; (), as well 190 I E
as spin &) and charge $.) structure factors afj= /2, = in the A o
ground state of the 3/4-filled Peierls-Hubbafd X) chain model v

_ 1.85 0
(N=8). i
AR 0.0 0.05 0.1 0.1 180 | - o he=002 |
MR1 0.0 0.0 0.0 0.026 050 [ ] H £
Eo —6.0889 —6.0910 —6.6928 —6.7636 i Hﬂ 0

045 | ™1 [T

Eq —~6.0889 —6.0867 —4.9454  —4.8749 & i s |
Epn 0.0000 0.0002 1.7386 1.8795 0.40 | T E
Eeiph 0.0000 —0.0045 —3.4860 —3.7682 o
Eyin —-5.9152 -5.9133 —5.0294 -4.9083 0 % 4 & 6 7 @ o”mﬂﬂgﬂﬂ”ﬂo 15 °
E\ —1.1738 —1.1741 —1.4750 —1.5245 i m
Ey 1.0000 1.0007 1.5590 1.5578

FIG. 3. Shift of the local particle densities with increasing;

(QRr) 0.0000 0.0000 11.7916 12.0206 (DMA N=8:A3=0.1, \|g,=0). The right panels show the corre-
sponding phonon distributions for the IR1 mode in the ground state.

nfs 1.7445 1.7446 1.8073 1.8176

n) 1.2555 1.2554 0.4557 0.4311 (sge fourth column The i_nfluence of both IR-active m_odes

¥ 1.2555 1.2554 1.9297 1.9337 [triple-mode approximationTMA)] on the local particle

densities is illustrated in more detail in Figs. 3 and 4. Obvi-

Lis 0.1627 0.1627 0.1323 0.1259  ously, the IR2 mode leads to a disproportionation of the

LY 0.4728 0.4725 0.2760 0.2645 charge density oiX sites in the unit cell. The right panels

Ly 0.4728 0.4725 0.0515 0.0487  give the phonon distributions of the IREig. 3; DMA) and
M—x IR2 (Fig. 4, TMA) modes in the ground state. As the

pﬁﬂl;g(vz—B) 0.3697 0.3696 05410 0.5307 electron-phonon coupling strength increases, a shift of the

Pi-44-5  0.3697  0.3696 0.0877 00829 maximum in the phonon distribution to larger valuesofs

S(/2) 0.1905 0.1903 0.0573 0.0s47  observed, indicating that the ground state becomes a mul-

Sy(m) 0.0950  0.0951  0.0797 0.0763  tiphonon state.

Sc(7/2) 0.3250 0.3258 1.3045 1.3375

Sc() 0.8533 0.8534 1.0562 1.0959 V. EXCITATIONS

config.: 0-1-0-|] O-71-0-| 0-0-0-]] 0-0-0-7| A. Low-energy spectrum

In a next step we investigate the low-lying excitations of
the PHM model. Figure 5 shows the energy-level diagram

sites. The Hubbard interactiorlJ=0.8), acting on metal \inin S\MA, where the left column displays the spectrum of
sites only, gives rise to both large local magnetic moments

and a maximum in the magnetic structure fackfq) at q 2.00 1
=1/2. The resulting SDW ground-state configuration sur- - xm:g-gg Me=000 |
vives the inclusion of a weak electron-phonon interaction 1.95 | — an-004 E
(second column of Table)ll a situation which is realized in A o
the Ni-based materials. If the coupling to tReactive mode Vv .| 0
becomes stronger, a CDW is formed on the metal $tés | | 777~ 1
the large increase @&;(#/2)], accompanied by a decrease of tes | | rooe |
the mobility of the charge carriefkinetic energy. Now the ' " £
translational symmetry is spontaneously brokg@g) is fi- 0.35 1 o
nite, and the ions vibrate about a new equilibrium position. ﬂﬂﬂﬂm 0
This is the scenario realized in the PtCl chain system. TheA 030 | 1
CDW is accompanied by a suppression of the local magneticg i o6
moments as well as by the formation of a so-called bond- s | " E
order wave betweeX -M"'"¢ and X"-M"'*¢ bonds. Of | = tooood o
course, an extreme large electron-phonon coupling will tend - e |
to localize the charge carriers completely, and therefore 1 2 3 4 o 5 10 15
weaken the bond order being maintained by electron hopping ' m
processes. FIG. 4. Shift of the local particle densities asg, increases

Including a weak coupling to the IR1 mode strengthenSTMA N=4:Ag=0.19, \|g;=0.05). The right panels show the
the Pt—CI CT (Ref. 25 and, as a side effect, also the CDW phonon distributions of the IR2 mode in the ground state.

245121-4



QUANTUM LATTICE EFFECTS IN MIXED-VALENCE . .. PHYSICAL REVIEW B 63 245121

A E,
0.00 0.05 0.08 0.10
— \ [
or| — ] \ . | &
\ 71 /
06 |- 1 \ I
\ / \ ] |H
oaal | x m¥ x pi" X p" x P
u ——o—@ —@—o-
i

os | 1 FIG. 6. Sketch of the effective adiabatic double-well potential

acting in the strong CDW regime of the Peierls-Hubbard mdidel

oz | _ further explanation, see the text

albeeceece., ——— —= T CDW ground states in the strong-coupling limit, with large

L ————— spectral weights of thé?|,7],71.00& or [11,0,70,7])e

wl ] electronic basis states. The charge distribution shown in the

lower panel of Fig. 5 corresponds to the latter case.

Iy o In the configuration space of the Raman-active normal
E°:5 010 coordinate, this gives rise to the formation of an adiabatic
TEoa 08 double-well potentialsee Fig. 6 Within one minimum of

02 the double-well potential the low-lying excitations exhibit a

0.0 0.00 . . .

0248870 02468100 3 0 T W 2 8 7 W large overlap with the displaced oscillator states
AE
i [F7) = (B ™ )= ) i e
0 = —_— R =
12345678 12345678 12345678 12345678 lﬂ (BR) IJ/O 1100 I®mR17]R hs
i i i i ) mg! ) P

FIG. 5. Low-energy part of the eigenvalue spectrum of thewhere ng=ArZ(n;,—n;,) are the constant effective forces
Peierls-Hubbard mode(SMA). Twofold degenerate states are in the limit t—0 andBS’)=b{)— 7g/wg. We have proven
marked by bold bars; dashed bars denote the bare phonon overtonggs py calculating
of the electronic levels for theg=0 case. The lower panels give

the phonon distribution function and local particle densities in the Dior— 1
ground state. My (@)= 2 gnldg®)?8(w—Ey.  (16)
n=0

the decoupled system for comparison. Above each electronic ) _ ) )
level (solid bar$ there is a ladder of overtong¢dashed bays The displaced oscillator spectral functidi,, () is de-
with rungs separated by the bare phonon frequénay. Of  picted in Fig. 7. As a consequence of the electron-lattice
course, at any finite electron-phonon coupling, the electrointeraction the multiphonon excitations are somewhat shifted
and lattice degrees are no longer independent, and as a resiism multiples of the bare phonon frequenciegX wgr . The
the excitation spectrum is changed. At weak coupling, howiower intensity of the high-energy peaks reflects the incom-
ever, to a good approximation the ground state is still a zeroplete overlap of the higher-order overtone states of the inter-
phonon state, and the states acting system with the corresponding displaced oscillator
wave functiongsee the left panglGoing to extremely large
~ () 1 fom we electron-phonon couplings, the overlap of these high-energy
|k >_ﬁ(bR) Rl o) excitations is clearly improvecct. the tendency of the re-

R sults obtained fohg=0.9 and 0.12 The important point we
have a nearly complete overlap with the exact low-lying ex-would like to emphasize is the weanaharmonicityof the
cited states of the interacting system, indicating that thesdouble-well potential even at low energies, provided we con-
excitations can be obtained simply by adding phonons to thsider reasonable coupling strengths. Thinlinearity, in-
ground state. With increasing electron-phonon interactiorduced by the coupling to the itineramtteracting electron
strength, a strong mixing of electrons and phonons takesystem, is the origin of the redshift of the overtones dis-
place, such that both quantum objects completely lose thetussed in the next subsection.
individual identity. As a result the ground state is basically a Of course, exciting more and more phonons enhances the
multiphonon statécf. Cx(m); middle pane]. Note that the tunneling probability between the two minima of the poten-
ground state and, asg increases, a growing number of ex- tial, and finally counterbalances the charge difference on
cited states show a twofold degeneragyithin numerical Pt sites(n,—n,;) ((Qgr)=0) by overcoming the potential
accuracy. The reason is the existence of two degeneratdarrier
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120 1.0 1.0
=008 [ P 2g=0.12 {
— me0 f ,’f 0.8 — M0 ," i 0.8
""" =8 | ] 06 T M8 ﬁ 06 FIG. 7. Phonon spectral func-
EED: i | o i = tion T, (w) and intergrated
Ji ! it H
i j [ — o Weight Sy(w)=/¢ do'Tln (")
N e 1 e 1y . .
“0 i / i in the CDW regime of the PHM.
i S it ~
;;; ‘l‘ ; ."/"‘-\ 02 :;;; %‘ / \\\ 02
fffff ] l\ A " 5 ,“” "\ 4
0 s S, VS . 00 o LN N Y . \ 0.0
-6.4 -6.3 -6.2 -6.1 -6.0 -7.5 -7.4 -7.3 -7.2
® w
H“—‘mR,cw(l)(KR)- (17 have shown a significant redshift of the_ oyer.to?lm.reso- .
H nance Raman spectroscopy the material is illuminated with
ere light that is in resonance with a specific electronic transition.
(1)_ The signals from théfundamental and overtopeibrational
modes that are coupled to the electronic transition are greatly

denotes the fundamental phonon frequency of the stronglgnhanced. Resonant Raman spectra on strong CDW PtCl ex-
interacting system. Figure 8 impressively demonstrates thhkibiting such an amplification were obtained using” Aaser

validity of estimate(17) by showing thain,=mg. indeed illumination at 514 nm, which roughly corresponds to the
bandedge £2.5 eV) of an intervalence charge transfer

holds (cf. also Fig. 5\g=0.1).

The different nature of the excited states in the weak- andIVCT) transition between Btand PY (see Fig. 11 The
strong-coupling cases is reflected in the phonon distributiophotoexcited transition into the IVCT band is connected with
function displayed in Fig. 9. At weak electron-phonon inter-the excitation of the fundamental Raman active symmetric
actions(left pane), we have a SDW ground state, and the CI-Pt-Cl stretch and a progression of many overtones.
first excited state is an electronialmost zero-phondgrstate In order to understand the evolution of the experimentally
above the SDW gapfopened byU). The next states are observed overtone structutdet us first discuss the level
simply obtained by adding phonons to this doublet, with ashift of the nth excitedR-active doublet,

slightly reduced frequency compared dg (cf. Fig. 5. In

the strongly interacting regime the phonon distribution is nw(Rle(Rﬂ)

clearly evocative of that of a displaced harmonic oscillator. ="

Although the situation becomes somewhat more complex @R

in the DMA, the basic mechanism are the same. Figure 10 . n_ . . .

shows the successive excitation @,1R1)-active phonons with w(R.)_(E“_E(?)’ in the framework of the n_onadlapatlc

[h=1: (1,0, n=2: (0,) n=3: (2,0, n=4:(1,1)]. PHM. F|gur_e 12 displays the calcqlated redsh_rf,tsfor dif-
ferent couplings\g at Up;=0.8. Obviously a noticeabled-

B. Intrinsic localized modes shiftis observed in a certain coupling regime only. The rea-

' son for this is the following: On the one hand, a critical

As already pointed out in Sec. | recent resonant Ramainteraction strength\g is necessary to overcome the SDW
scattering measurements on isotopically pure PtCl materialsonfiguration forced byJ, and to establish &degenerate

(19

20 T LI T T T T T LI LI T T T T 2.0
15 1.5
FIG. 8. Expectation values of
A, the Raman-mode lattice displace-
00:10 1_0!'|= ments(left pane) and differences
& of the mean electron densities on
\'4 the two Pt sites(in an unit cel)
are given for the lowest 25 eigen-
5 0.5 states| ¢,) within the SMA.
0 0.0
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1.0

0.0
1.0

0.0
1.0

Cr(m)

0.0
1.0

00
1.0

0.0

multiphononCDW ground statgcf. Fig. 5. On the other

Ae=0.05

0.1

N
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FIG. 9. Phonon distribution in
the ground state and in the lowest
four excited states of the Peierls-
Hubbard modelfrom top to bot-
tom). The solid lines, displayed
for clarity with an offset of the or-
dinate of 0.01 in the right panels,
corresponds to the=0 displaced
oscillator limit. Results are ob-
tained within the SMA.

fundamentalw(" [cf. Eq. (18)], shown in the inset. In par-

hand, at extremely large couplings, the particles are comticular, one realizes that Iiméxwg)()\RhwR. In the in-
pletely trapped and with respectly to the lattice excitationsermediate (but still strong-coupling region, the Raman-

the system behaves as an almost perfect displaaaaonic

oscillator. This is corroborated by the variation of the Raman

0.1
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— 02
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,/\ — OO 1=0.06
X Pt X Pt 0.08 1 O---0A=0.07
<F---<13=0.08
@—@ ® Q- X010
t l V-V 1=0.15 <
o 0.04 |
X Pt" X Pt" o
©—0—@—eo—0- [t| [
— 0.00 i 0g
FIG. 11. Mixed-valence ground state and IVCT to an excited
state without charge disproportionati¢a); lattice relaxation and Up=0
formation of a charge-transfer excitdh). 0.04
. . - o _ T 2 3 4 5 6 7 8
lattice potential, providing an attractive interaction of Raman n

phonon quanta located at the sameQ®t unit, with the re- _ o

sult that quasilocalized multiphonon bound states occur in FIG. 13. Shift of the lowest-energy peaks, as presented in Fig.

the system. Translational symmetry is restored by al2, but forUp_l=O()\z)\R). Note the blueshift at lower electron-

quantum-mechanical tunneling of those quasiparticles. Ahonon couplings.

nearly perfect quantitative reproduction of the redshift ob- . .

served in PtCl was obtained by applying the DMA with sition takes place. As a result localized multiphonon bound

=0.1 and\ p; =0.026(see Fig. 12 states occur and, becomes positive. At this point it seems
It is interesting to contrast these findings with the resultsreason""ble to make contact with polaron physics an_d con-

obtained forU=0 (see Fig. 13 Here a CDW with lattice sider the CDW state at ""‘;Qﬁ? as built up by ordered bipo-

dimerization is already formed in the weak-coupling regime,arons residing at the PC? sites.

i.e., states with wave numbers 0 andare degenerate even _

for small values of\y (at least in the thermodynamic limit C. Optical response

N— o). Therefore, the ground state as well as the excitations To substantiate the interpretation that the strong-coupling
contain only a few phonons, and may be viewed as “con-CDW ground state of the 3/4 filled PHM describes ordered
ventional” Peierls states. In fact, atz=0.06, all phonon  pipolarons rather than a Peierls band insulator, in this section

distributions corresponding to excited states wits2 ex-  we study the optical conductivity. In linear response theory
hibit pronounced maxima ah=0. Remarkably we found a the regular part of the optical conductivity,

blueshift(r,<0) of the overtones in this regime. Increasing
the electron-phonon interaction, the charge carriers become T
heavily dressed by phonons, and finally a self-trapping tran- o5 %)=

Z |<¢0|]p|¢m>|2

0 Em_ EO 5[“)_(Em_ EO)]!

(20

0.050
0.048 e gives the incoherent contribution of the optical transport.
0ode g Equation (20) is equivalent to the small polaron hopping
£ oou Ea conductivity in the strong electron-phonon coupling limit.
© oo 4 According to thef-sum rule,
0.10 s
0.040 -
80%08 < T o 0w 6w Zfo dw,o';)eg(w,): —0oEkin—D, (21
=--B3,=0.09 7, . it is related to the kinetic energl,;, [cf. Eq. (7)] and the
0.05 | :::;::g::g - 1 Drude weightD (oy=me?; periodic boundary conditions
¥--¥1.=0.15 A & In Eq. (20), the (paramagneticcurrent density operator is
¢—#},=0.10, 1,,,=0.026 s e
¥ --%PtCl Y
. T t T
/"" I ]p__letz (Ciaci+10_ci+1aci0')' (22)
______ v_____{,'_____-v lo
0.00 1 2 3 4 5 6 7 8 In analogy one can define a current operator for NN hopping
n processes of on-site electron paimspolarons as
FIG. 12. Relative redshift of the lowest-ener eaks, normal- . -
o ibp=—i2et> (C/Ci.;—ClL,Cy), (23

ized by the fundamental frequenayy’ given in the inset, as a

function of the final quanta of the vibrational energy. Results are . (1) ~(D)n() . . . . . .
obtained for an eight-site chain with different coupling strengths with Ci= Cli'Cli®s which gives rise to a bipolaronic optical
at \ry,r2=0 if not otherwise stated. conductivity ops{w). In addition, we consider higher-
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N ‘N at several characteristic coupling strengths. In the absence of
] I f tt 1 any scattering mechanisms the optical conductivity simply
® Q ® . > ® ‘ O ‘ consists of the Drude peak at=0; i.e., for npnintere}c.ting

band electrons, there is no optical absorption at finite fre-
quencies. In contrast, the interacting two-band Hubbard
model[Eg. (1)] contains finite-frequency optical transitions
(see Fig. 15, left panekg=0 case. Specifically, the prin-

1l i t — o cipal optical excitations of moddll) are transitions across

® . [ O ® . o O the SDW (lower peak at about»=0.28) and theM-X CT
gap (upper peak abouw=3.5). The integrated spectral
FIG. 14. Regular part of the optical conductivity*¥w) (solid  weight S*Y w) = [“dw’ ™Y ') indicates that the optically
lines), normalized byoo/N, and integrated spectral weig’*®  jnducedM-X interband transition has a negligible intensity
(dot-d_ashed lingsare shown for weak to strong electron-phonon compared with the low-energy excitation between khevi
couplings(SMA, PBO). SDW bands split up by. Including a weak electron-phonon
. . coupling has two main effectsee the results faxg=0.7).
order next—ngarest-naghbdﬂNN) bipolaron transport pro- Firg?, Ithg(]e Iow—eV:\ergy Ipeak is(broadened bliecauseRnow p)>honon
ggi?ieisrzgoilg.o%tr:ellj?]tiltngeirk]:? tl\:/\i/o dgg_le_ﬂgr?;errg;c’%rr'%'iitatedegrees of freedoms are involved in the excitations. Sec-
9 - F19. 9. P 9 ondly A\ tends to open a CDW gap and therefore weakens

transfer operator is the SDW gap(i.e., Peierls versus Mott-Hubbard scenario
T tf~ AT AT t .t At A\g=0.9 the CDW is energetically more favorable than a
C3C4C2C3:=C31Ca1Ca1C41C21C2/ C3) Cay @9 Spw ground state. Now the first excitation is due to an

IVCT M-M transition. The optical CDW gap enlarges)as
further increases. At the same time the optical response de-
) + T N t velops clear signatures of polaronic excitations. Clearly the
lbp,NNN“ig;en(CHlCiﬂCi Cit17Cit1CiCii2Cisa). line shape of the first peak io 7Y w) reflects the phonon
(25  distribution of the ground state.
Experimentally, for the Ptl-PtBr-PtCl sequence oXPt
At first, however, let us consider the behavior of the morematerials one observes a decrease in height and shift to
usual optical conductivityr,{ w). Figure 15 givesrgqw)  higher energies of the IVCT absorption peak.Since the

leading toop, (@), with

10 30 10 30
8 A,=0.00 sl f e =007
1
t
20 i 20
6 6 i
¥
¢ g g | o
o % o |/ (&
4 o]
10 " 10
t
2 5 |l
1
]
' l» ‘ /\
0 i 0 0 L — by 0
0 1 2 3 4 5 0 7 3 3 ) 3 ]
© ®
10 9 10 9
8 1=0.09 8 Ag=0.12
6 6
6 6
g g £ g
T N o“ 7))

FIG. 15. Hopping conductivity of bipolarons in the Peierls-Hubbard model.
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FIG. 16. Second-order bipolaron transfer between Pt sites.

major difference between the members of this class seems tmme the self-induced potential barrier at the initial site, and
be the different strength of the electron-lattice coupling,after the hop a local lattice distortion has to be created on the
which increases in going from the | halide to the Cl halide,neighboring site. In the nonadiabatic regime this leads to an
our results provide a microscopic explanation of this obserapsorption maximum ity w) at 2E,,~=2X2E,, where

ion. USINGA a— : ) . p by p:
the calculated position of the low-energy peak at about 2.§jmjlar mechanism acts in the adiabatic case as well. Here
eV (t=1.54 eV was taken into accouris found even in e |ow.lying peak position’s roughly equals to four times

quantitative agreement with experiments. Moreover, there ig,e parrier heighH of the effective adiabatic double-well
evidence for the CTM-X transition near 5.5 eV in the re- potential (see Figs. 6 and 5, which gives the estimate

flectivity data for PtCP® where theM-X transition is ex- ~0.45 for\g=0.1)
. . . __ . R_ . .
pected to be quite strong in the strongly distorted PICI sys Of special interest are those transport processes which

tem, while in the weakly distorted Pt material it is very directly connect the two degenerate ground states of the

weak? Naturally these findings were qualitatively repro- . . .
duced by our model calculation as well. F:DW (cf. Figs. 6 and 11 Results for the optical conductiv-

The optical-absorption spectrum for bipolarons is showry by nwn(@), describing such types of excitations, are pre-
in Fig. 16. As expected, the spectral weight of bipolaronicsented in Fig. 17. Applying the eight electron creation and
excitations is extremely small at weak electron-phonon interannihilation operatorEg. (24)] on the ground state strongly
actions. According to the results of Secs. IVA and IV B, afilters the intermediate excited states contributing to
bipolaronic CDW insulator is formed in the strong-coupling U{%?NNN(w). This means that only those activated states
limit. Since the bipolaron current operator connects onlyhaving a large overlap with the 'PPtY basis states
states having a substantial overlap as far as the phononjé¢|,7!,1/,0)e and|11,0,71,1])e acquire a large spectral
contribution is concerned, in this limit multiphonon absorp-weight. This is perfectly demonstrated by the lower right
tions become increasingly important in the optical responsepanel of Fig. 17. A comparison of the intermediateg(
leading to the peak structure depicted in the lower panels=0.09) and strong-coupling\qg=0.12) results obtained for
Compared with the single-polaron conductivitg9(w) the o4 w) (Fig. 19, op(w) (Fig. 16, and o) (Fig.
low-energy peak is shifted to larger frequencies. This can ba7) reaffirms the interpretation of the strong-coupling CDW
easily understood within polaron transport theory. During astate in PtCl in terms of a charge-ordered bipolaronic insu-
NN transfer process the polaronic charge carrier has to ovefator.
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FIG. 17. Higher-order contributions to the bipolaronic optical response. Results are presented for the same parameters as in Fig. 15, but
note the different scale of the ordinate in the strong-coupling regime.

V. CONCLUSIONS cessity of a substantial coupling to the Raman active phonon

e mode to overcome the notable on-site Coulomb repulsion on
To summarize, in this paper we have presented a COMprgre pt sjtes in the CDW state is a clear indication of this. As

hensive study of the 3/4-filled, two-band, one-dimensional consequence of the strong electron-phonon interaction, the
Peierls-Hubbard model, which we believe captures the esse@harge carriers are heavily dressed by phonons, and finally
tial physics of theM X family of halogen-bridged transition- trapped in pairs as bipolarons on the lattice. The residual
metal compounds. We mainly analyzed phenomena resultingeak itinerancy of the bipolarons maintains the translational
from the complex interplay of charge, spin, and lattice de-symmetry and produces an effective interunit coupling,
grees of freedom existing in these low-dimensional highlywhich is the condition preceding the formation of a CDW.
correlated materials. The formation of Peierls distortedWe emphasize that the adiabatic bipolarons discussed in this
phases with predominantly charge- or spin-density-wave oreontext differ in nature to a certain extent from the small
der or the intrinsic localization of vibrational energy in mul- electronic bipolarons normally formed in the antiadiabatic
tiphonon bound states are such phenomena. In doing so, tlsrong-coupling low-carrier-density limit. In view of the un-
basic necessity for correctly taking into account both thederlying physical mechanism, perhaps they should rather be
electronic correlations as well as the dynamics and quanturimterpreted assibrational (bi)polaronsbeing localized in a
nature of the phonons leads us to a purely numerical apsingle PtCl unit. At appropriate electron-phonon interaction
proach. We applied a high-resolution Jacobi-Davidson algostrengths, the effective lattice potential, dynamically self-
rithm, and solved the fully nonadiabatic Peierls-Hubbardgenerated in the process of carrier localization, exhibits a
model exactly on finite lattices. Focusing on situations wheresignificant nonlinearity, leading to the experimentally ob-
the dominant effects of the electron-electron and electronserved localization of vibrational energy in PtCl. As a char-
phonon interactions are short ranged, such a finite-clusteacteristic feature the overtones of thdagrinsic localized
calculation seems to be justifiable. modesshow a strong redshift, which we were able to repro-
From this perspective our approach is particularly suitableduce even quantitatively by our finite-lattice calculation. The
for the strong CDW material PtCl, because in this compoundocalized nature of these vibrational excitations, which are
the CDW coherence length is of the order of the lattice concoupled to the intervalence charge transfer transition be-
stant, i.e., local lattice effects predominate. In fact wetween Pt and PY, was further supported by the results ob-
showed that PtCI typifies a charge-ordered bipolaronic insutained for the phonon spectral function and the optital
lator rather than a traditional Peierls band insulator. The nepolaronig response.
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In conclusion, we have shown that a dynamical coupling In the numerical work the matrix representation?of(as
to the Raman- and infrared-active phonon modes, even in theell as the vector representation|@f)) requires a mapping
adiabatic strong-coupling regime, strongly influences theof each index pairr(,s) on a single consecutive index, e.g.,
ground-state and spectral properties of the Peierls-Hubbardarticularly with regard to an implementation on parallel su-
model. From a theoretical point of view, the intermediatepercomputers, the following bijective mapping;,€)—i:
coupling and frequency regime, where phononic and elecf1, ... Do} x{1, ... ,Df)'\rf)}aﬂ{l, ... Do, turned out to
tronic energy scales are not well separated, is of course eveje advantageous:
more interesting but less understood. In principle our exact
diagonalization approach allows us to tackle this much more
complex problem as well. Work in this direction will be p(r,s)=(r—1)D{ +s (A4)
reported in the future.

ACKNOWLEDGMENTS

R e Y
+1i-| DS, (A5)
The authors would like to thank A. Basermann, HtBu Dph

ner, E. Jeckelmann, A. P. Kampf, J. Loos, A. Saxena, B.

Swanson, M. I. Salkola, and A. WeiR3e for valuable discus'where[xj is the largest integelr e N with L=<x.

sions. The research was granted by the DFG-Schwerpunkt p;aq0nalizing the PHM in a subspace with fixed electron
1073. The numerical calculations were performed at LR;ﬁumbersNTsz%N a typical total dimensiom,,; with

Munchen, NIC Jlich, and HLR Stuttgart. H. F. and G. W. ik we dealt is 7 848 624N=8, M =140, andG=2).

acknowledge the hospitality at the Theoretical Division of pegpite the extreme sparsity of the matrices, the computation
Los Alamos National Laboratory. Work at Los Alamos was ot the e g., 20 lowest eigenstates is still a numerical chal-

performed under the auspices of the U.S. DOE. lenge: a typical production run for the parameters quoted
above took about 30 minutes running on 64 processors of a

APPENDIX A: ELECTRON-PHONON BASIS CRAY T3E supercomputer.
A general state of the Peierls-Hubbard moldgd. (6)],
De Dph APPENDIX B: JACOBI-DAVIDSON ALGORITHM WITH
|¢/>:Zl 321 C:p,s{|r>el®|s>ph}1 (A1) PRECONDITIONING

Many problems in theoretical physics are related to eigen-
constitutes a tensor product of electron and phonon states value problems involving large sparse Hermitian matrices.
To solve the eigenvalue problem numerically, iterative sub-
N . . space methods like the Lanczos algoritimor the Davidson
INe=11 (cf)Mi(c])Mi|0)e, (A2)  algorithnt® are commonly used to calculate the ground state
=1 and some excited eigenstates. However, these methods show
a poor convergence and stability if the eigenvalues to be

1) o= ﬁ (bT)m2|O> (A3) computed are not V\_/ell separated or even degener_ate. In that
ph— 24 N B pho case, more sophisticated methods like the Jacobi-Davidson
F (JD) algorithm with preconditioning techniqu¥&s? have to
wherer=1,... Dg ands=1,... Dy, label the unsymme- be used, providing both high resolution and rapid conver-
trized basis states of the electronic and phononic subspacgsnce.
with dimensions The JD solvers use a succession of subspaces where the
update of the subspace exploits approximate inverses of the
N\/N problem matrixA. For A, A=A" or A* =AT holds, where
De':(NT)(NL) A* denotesA with complex conjugate elements and’
and =(AT)* (transposed and complex conjugate
The basic idea is: Lev be a subspace d®" with an
o [M+G orthonormal basisv¥, ... wk, W a matrix with columns
Dpn’= M ) w}‘, S:=W" AW, ﬂ‘ eigenvalues of§ andT a matrix with

) the eigenvectors ddas columns. The column$ of W T are
(G=1,23 'for SMA, DMA, and TM'A)’ respe'ctlvely. The approximations of eigenvectors & with Ritz values\¥
usual fermion and boson commutation rules imply the occu- !

—KH A ok , - ]
pation numbersy| ,nf, €{0,1} and m}e{0, ... M}. Here =(x))" AX thE[E approi:(mate eigenvalues Af Let us as
we applied a truncation procedure of the infinite phononicSume — that Aj . ... \j  ~ €[MowersAupped-  FOr ]
Hilbert space?8restricting ourselves to states with at most € js, . . . ,js+|_1, define
M phonons, i.e.Egzlmst. We carefully checked for the
convergence of both the ground-state eneE@V) and the . ek o~ 1k
phonon distributiorC{"(m) as functions oM. a;=(A=NjDx;,  rj=(A=N\1)""qj, (B1)
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andV&*l=spany*urfuU---Urk ) whereA is an easy
s Jsti-1 Jacobi-

to invert approximation té\ [ A=diag(A) in Ref. 33. Then Davidson
VK™lis an (m+1)-dimensional subspace &", and the rep-
etition of the procedure above gives in general improved
approximations to eigenvalues and eigenvectors. Restartin
may increase efficiency. Convergence is reached for the ei
genvaluek, if the residual norm\/E}‘:l(rf)z falls below an
initial residual norm(calculated from the first eigenvector . )
approximation times a convergence facter _ FIG.. 18. Low-gner_gy part qf the elgenv_alue spectrum of a high-
For good convergence/,k has to contain crude approxi- dmensnonal Hamiltonian matrix as_determlned by the JD and Lanc-
mations to all eigenvectors o& with eigenvalues smaller 208 algorithms(for further explanation, see the téxThe numbers
than)\lower-sa The approximate inverse must not be too ac-to the right of the bars give the degeneracy of the corresponding

curate, otherwise the method stalls. The reason for this Wa%genvalue.

investigated in Ref. 31, and leads to the JD method with aion reasons, the Lanczos version of our diagonalization rou-
improved definition ofr}‘: tine compared the difference between two succeeding
. eigenvalue approximations to check convergence. The re-
{LA=xOHOHIA=NDI =X " r¥=gk. (B2  sults are shown in Fig. 18.
The efficiency of the JD method is determined by the
The projection[| —x}‘(x}‘)”] in Eq. (B2) is not easy to performance of the matrix-vector multiplication, which de-
incorporate into the matrix, but there is no need to do so, angends heavily on the storage scheme used. The extreme spar-
solving Eq.(B2) is only slightly more expensive than solving Sity of the matrices used in this work{10 nonzero elements
Eq. (B1). The method converges quadratically e A, per row, and matrix dimension up to#Ccalls for a solgt|on .
The character of the JD method is determined by the apwhere only the nonzero elements are stored. To achieve high
. = . . . performance on all modern supercomputer architectures, a
proximationA to A. For obtaining an approximate solution

o so-called jagged diagonalstorage scheni® was imple-
,Of th? precond|t|oln?!£1gs systgrqu. (B2)], we may try an mented, which makes no assumptions about the sparsity
iterative approacf!*#3°In this work, a real symmetric ver-

) A . ) structure of the matrix. A detailed description of the imple-
sion of the so calledjuasi minimal residuablgorithm was

U . . mentation on various massively parallel and vector super-
used that is directly applied to the projected sys0.  computers was presented in Ref. 36, together with a perfor-

(B2)] with A=A. By controlling the quasi-minimal residue mance analysis.

norms we can adapt the accuracy of solving &) to the As a conclusion, from a comparison between Lanczos and

accuracy of the JD steps. Jacobi-Davidson methods we can state that Lanczos is the
To illustrate the advantage of the JD algorithm as com-appropriate choice for calculating few nondegenerate ex-

pared with the standard Lanczos technique, we have calcgreme eigenvalues. The growth of the Lanczos subspace lim-

lated the lowest 30 eigenvalues of a Hamilton matrix withits the number of eigenvalue approximations that can be

total dimensiorD =263 536, comparing both methods. For computed within a reasonable amount of time. For the

this comparison, we used a double-mode approach applyingacobi-Davidson method, the maximum subspace size can be

Lanczos |3 3

0.00 002 0.04 0.06 008 0.10 012 0.14 0.16 0.18 0.20 0.22

the following model parameters?d=4, M=180, A=1.2, limited by the user as a restarting technique is applied. So
Ug=0, Up=0.8, \g=0.2, 2wg=0.05, \g;=0, and this algorithm is used for computing many eigenvalues with
hor=0.06. The convergence facterwas set to 10°. high resolution.

Calculating the lowest 30 eigenvalues, the maximum size For performance reasons, our Jacobi-Davidson implemen-
of the Jacobi-Davidson subspace was set to 100, triggeringtation stores the nonzero matrix values only. The price for
restart of the whole process with the last approximationshis achievement are the relatively high memory costs which
whenever the subspace size reached that value. The LancZisit the size of computable problems. Our Lanczos imple-
process was stopped under the condition that the 30th eigementation creates matrix elements during the runtime, which
value converged within an accuraey Due to implementa- enables us to handle much larger problems with this routine.
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