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Subgap optical absorption induced by quantum lattice fluctuations at the Peierls edge
in PtCl chain complexes
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The temperature dependence of the low-energy tail of the interband optical absorption band at the Peierls
edge has been studied in halogen-bridged linear-chain compléRggn ] Pten,Cl,](ClO,), and
[Pt(en),][Pt(en,Cl,](BF,) 4, en being ethylenediamine. The absorption spectrum and its temperature depen-
dence are explained well in terms of the subgap density of states of the one-dimensional electronic bands
induced by the quantum vibration of Cl ions of the breathing mode. Both substances are found to have a
dimensionless electron-phonon coupling constant \é£1.2, the zero-temperature gap parameter of
Ay~1.45 eV, and the transfer integral tf~0.4 eV. Because of the strong electron-phonon coupling the
temperature dependence of the energy gap is dominated by the self-energy effect;@¥etha self-energy
amounts to 0.07-0.08 eV, being considerably greater than the self-energies in usual semiconductors. The role
of the anharmonicity of the chainlike Pt-Cl bonds is discussed in relation to the origin of the large gap
parameter[S0163-18206)05627-5

. INTRODUCTION dependencé®®?! pesides, the temperature dependence is
significantly greater than that of the energy gap in usual
Halogen-bridged transition-metal chain complexes, sosemiconductors. Although this phenomenon seems to reveal
calledM X chain complexes, have emerged as an importananique properties of the electron-phonon coupling in the
class of one-dimensionallD) electronic materials with MX chain complexes, to our knowledge, the details have not
strong electron-phonon coupling and electron correlation. Irbeen studied to date.
light of one-band™ and two-bant® extended Peierls- It has turned out recently that the quantum fluctuations of
Hubbard models and the recently developed Su-Schrieffefattice?®-22and kink$*?°strongly influence the line shape of
Heeger-type modefs® quantitative knowledge of the the interband and midgap absorption bands, respectively, in
electron-phonon coupling involved in the valence-alternatinglD Peierls systems including X chain complexes. McKen-
chainlike bonds, that is, the charge-density-wd@DW) zie and Wilking® have argued the roles of the quantum and
state, is essential for understanding the electronic propertigbermal lattice fluctuations due to a homopolar optical pho-
of the MX chain complexes. However, the extreme anharnon with wave vector of B-. They have shown that the
monicity of the chain lattice, as well as a significant hybrid- lattice fluctuations induce a nonvanishing density of states
ization between the transition-metd). and low-lying halo-  inside the forbidden gap, and thus the interband optical ab-
gen p, orbits, makes the electronic processes quitesorption band extends widely below the fundamental absorp-
complicated in comparison to the case of conjugated polytion edge. Subsequently Kim, McKenzie, and Wilkihsave
mers such agrans-polyacetylene. developed a method for numerically calculating the optical
It has been widely recognized that the energy gap of theonductivity spectrum under the influence of the lattice dis-
CDW phase of arM X chain complex is determined by the order including lattice vibrations. According to their calcula-
coupling of valence electrons of the constituent metal iongion the spectrum of the “subgap” optical conductivity has a
(platinum or palladiumh with the in-chain displacement of universal scaling form. In fact it has successfully explained
halogen ions. Optical transition at this Peierls gap manifestthe temperature-dependent line shape of the broad interband
itself as a prominent feature in the reflection spectrum in theibsorption spectra in a variety of 1D Peierls systems such as
near-infrared or visible region depending on theKCP(Br), transpolyacetylene, and blue-bronZe?® which
substance®'* If one attempts to measure the absorptionbelong to the strong, intermediate, and weak regimes, respec-
spectrum of this interband transition by the transmissiortively, of the electron-lattice coupling strength. The theory
method it is difficult to gain access to the peak position behas been applied further to the excitation spectrum for
cause the absorbance rises up steeply from a region of phthie exciton photoluminescence in &X chain complex
ton energy far below the peak positi®®=2*0n account [Pt(en) ,|[Pten),Cl,](CIO,) 4, en denotes ethylenedi-
of its large bandwidth and large oscillator strength the ob-amine3’*1 The result clearly proves the presence of the sub-
served absorption edge has been conceived as the tail endgdp tail of the density of states in théX chain complex as
the absorption banti*>?1-?Interestingly the spectral posi- well. Since the excitation spectrum, however, does not give
tion of this absorption edge has a pronounced temperature absorption spectrum itself there remain considerable un-
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certainties in the important issues such as the identification (a)
of the phonon mode responsible for the electron-phonon cou-
pling.

In the present paper, we perform a direct measure- 41
ment of the subgap optical absorption in two PtCl-
chain  complexes [Pt(en,]Pten,Cl,](CIO,), and
[Pt(en ,][Pt(en ,CI,](BF,) 4, in a temperature range of 10—
300 K. The former(hereafter referred to as ClOsal) has
been studied extensively so far and is known to have the
strongest CDW of man X chain complexe32 while at
room temperature the latténereafter referred to as Bsalf
is isomorphous with the orthorhombic phase of the £IO
salt'* and has recently been found to resemble the i@t
well in various aspects of optical propertiés>33The ex- 0 , |
perimental results are quantitatively analyzed in terms of the 1.8 2 2.2 2.4
above-mentioned Kim-McKenzie-Wilkins theory to investi- Photon Energy (eV)
gate what kind of phonon mode dominates how strongly the
electron-phonon coupling in the two substances. Basic prop- (b)
erties of the CDW state of the Pt-Cl chain bonds are dis-
cussed on the basis of the knowledge obtained from this a b cdef
analysis.

Absorbance

a 295K
41 b 250
c 190
d 160
e 130
f 100

Il. EXPERIMENT

Single crystals are grown by the evaporation method from

the aqueous solution of chemically synthesized materials.
The 50—80um-thick crystals are used as the samples. The
temperature of the sample is controlled with a continuous
flow cryostat(Oxford Instruments CF1204and a tempera-
ture controller(Oxford Instruments ITCY The optical ab- |
sorption spectrum is measured using an optical multichannel 16 1.8 2 2.2
system. A tungsten-halogen lamp is used as the light source.
Light of wavelength longer than 520 nm is obtained with a
glass filter and is polarized parallel to the Pt-Cl chain axis of _ _
the crystal with a Glan-Thompson prism. The light transmit- _ FIG. 1 Absorption spectrum in @
ted by the sample is dispersed with a polychromdRitu  [P{enJ[Pten,Cl,](CIO,) , and(b) [Pten ,[[Pten ,Cl,|(BF,),
Applied Optic MC-30ND. The dispersed light is detected by at several temperatgres. The electric field of light is polarized par-
a charge-coupled-device CCD) camera (Photometrics ~ 2ll€! to the chain axis.
PM512. The shutter of the CCD camera is synchronized
with the shutter of the light source. The intensity of the light
source and the exposure time are set as low as possible. T
typical exposure time chosen to take an absorption spectru
is 0.2 s.

Absorbance

Photon Energy (eV)

In the BF, salt a discontinuous increase oy by about 30

eV takes place around 255 K with a hysteresis of about 3
g{e indicating the occurrence of a structural modification
similar to the case of the ClDsalt?! The present study deals
with the low-temperature phase. In both salts the shift almost
levels off below 100 K, showing that optical phonons with
Ill. RESULTS AND ANALYSIS energies appreciably higher than 10 meV play a major role in

Figures 1a) and ib) show the absorption spectra of the ?;izltermmmg the temperature dependence of the absorption

ClO, and BF; salts, respectively, at several temperatures
between 100 and 300 K. The thickness of the sample of thge
ClO, and BF, salt is 80 and 7Qum, respectively. The fun-

It has been demonstrated by the studies on the resonance
aman scattering® that the breathing mode of CI ions

; o ouples very strongly with electrons of the conduction and
damental optical transition is known to take place around 2. aler:we bar?lds Thg yKim-McKenzie-WiIkins theory cited in
eVIt IE"H‘IE reflfr::ulon s_,petﬁtrum n tthth aEar_ld Clo, Sec. | argues that if such a homopolar and dispersionless
salls. evertheless in the present transmission rnealsureﬁ'ptical phonon of frequency, dominates the electron-

ment the intrinsic absorption starts to rise around 2.0 eV, an honon coupling in a 1D system the properties of the subgap
rapidly attains the instrumental limit, which is determined bystates are determined by the disorder parameter
the degree of the linear polarization of the light source; the

weak absorption band seen around 1.6 eV in Fip) & due hw ah oo\
to the extrinsic midgap staté$3 In Fig. 2 is plotted, as a n= WOCOt'.(T'I?)’ 0= ZAp ,
function of temperature, the photon energy, Jay,, at

which the absorbance equals 2.0. The absorption band shiftghere\ is the dimensionless electron-phonon coupling con-
continuously toward higher energy as temperature decreasegant,A is the gap parametek, is the Boltzmann constant,

@
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Temperature (K) FIG. 3. Opt?ca_l conduct_ivity spectrum obtaingd fror'X_the
present transmission experiment ar® X the reflection experiment
. (Ref. 13 in [Pt(en),][Pten ,Cl,](ClO,) 4, at 80 and 77 K, respec-
FIG. 2. Temperature dependence of the spectral position of thg el The numerical label of the ordinate corresponds approxi-
absorption edge inQ) [Pten),][Pten,Cl,](Cl04) 4 and (O)  mately to the absorption coefficient in the unit offlem~*. The

[Pten ,][Pten ,Cl,](BF,),. The solid lines are the least-squares gyiq jine is the theoretical curve calculated from E2). Note that
fits of Eq. (6) to the experimental data. for photon energies below 2.4 eV the scale of the ordinate is mag-
nified by 16 times relative to the scale above 2.4 eV.
andT is temperature. In the following the present results are
analyzed on the basis of this Kim-McKenzie-Wilkins theory. concluded, therefore, that E(R) is appropriate to describe
The lattice disorder due to the quantum and thermal latthe fundamental absorption band over a wide spectral region
tice motions eliminates the inverse-square-root singularity opelow ®peak-
the joint density of states, which occurs in ideal 1D systems, The photon energyiw, plotted in Fig. 2 is the spectral
to induce the subgap states. The important point of the worlgosition at which the absorption coefficient takes a constant
of Kim, McKenzie, and Wilkins is the finding that the result- yalue of ~3x 10 cm™1. Its thermal shift arises from the
ant optical-conductivity spectrumi(w) belowthe peak po-  thermal changes impeq andI'. Since, asy changes, the
sition wpeak has a universal form, which is fitted with the exponential term on the right-hand side of Hg) varies
function much faster thaw .., the frequencyw, is expected to fol-
low the changes iw,q,andI” while satisfying the relation-
—wl? —w!3 shi
O'(w)=apea|gxp{ —o.4s{w —0.2#‘""‘3;—kw ] P

wpeak(ﬂ) —wo(n7)

INC))
whereI" is the half width for the low-energy side of the
peak; furthermore, the ratib/ wpey Scales withy as We haveh wg=2.34 eV for the CIQ salt at 80 K. Then from

the above-mentioned values @f,c,candI” at 77-80 K the
I constant y should be~2.8. The analytical formula for
_ 0.62 1.62 wpeak IS UNavailable as a function af. However, the nu-
®peal77) =0.4147770.07 7 © menical calculation of Kim, McKenzie, and WilkiAS sug-
gests thath wpeq decreases almost linearly with increasing
Wada and Yamashith have evaluated the real and imagi- 7 at a rate of ~0.2»A. In addition Abrikosov and
nary parts of the dielectric function in the ClGalt by the —Dorotheyev’ have shown that the gap parameteritself
Kramers-Kronig analysis of the reflectivity spectrum mea-decreases with increasing lattice disorder at a rate of
sured at 77 K. In Fig. 3 the conductivity spectrum ~m7A/8~0.4n9A. Consequently within the framework of
o(w)=we"(w)/4w, wheree"(w) is the imaginary part of the Kim-McKenzie-Wilkins theory it may be reasonable to
the dielectric function, obtained from their data is comparednrite
with the conductivity spectrum at 80 K obtained from the
present transmission experiméhit appears that the present fiwpealn) =2A0(1—-0.57), (5)
transmission experiment deals with the spectral region where
o(w) is 3 orders of magnitude smaller than that around thevith the zero-temperature gap parameigt Then substitu-
peak. In Fig. 3 is also shown a theoretical curve calculatedion of Egs.(3) and(5) into Eq.(4) yields
from Eq.(2) with fi wpeq=2.78 €V andhI'=0.155 eV. Note
that for o< weacthe single theoretical curve reproduces the fwg(7)=2A4(1—0.57){1— x(0.4147%%%+0.077,"63}.
two contrasting and independent data very well. It may be (6)

= y=const. (4)
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TABLE I. The zero-temperature gap parameteéx,2 the pho-  values obtained by the present study. The discrepancies may

non energyiiw,, the zero-temperature dimensionless disorder pabe ascribed to their use of the excitation spectrum of photo-

rameterso, the spectral position parameter and the dimension-  Jyminescence instead of the absorption spectrum itself.
less electron-phonon coupling constantin the ClIO, and BF,

sals. IV. DISCUSSION

Substance Ry (eV) fw, (meV) Mo X A Results of the present absorption experiment are summa-
rized in the following two matters: First, the Kim-McKenzie-

ClO, salt 290 35.8 0.048 2.7 121 Wilkins theory has enabled us to separate the observed ther-

BF, salt 2.89 43.2 0.056 3.1 1.16

mal shift of the absorption band into two components arising
from wpeacandl’. We havenA,=0.070 (0.081) eV at 0 K
and 0.1040.107 eV at 250 K for the CIQ (BF,) salt.
Now let us attempt to evaluate the parametety 27, [Hereafter the terms “CIQ (BF,) salt” specifying the sub-

X, andw, by the least-squares fit of E¢6) to the experi- ) ; i
mental data shown in Fig. 2. As shown in Fig. 2, the experi-StanceS for the numerical factors quoted are abbreviated un

mental results can be reproduced very well by @, Table less othell)'wise notefThis means that at 250 K, for instance,

| lists the values of the parameters thus obtained for twoabOUt 20% of the observed shit a, comes from the tem-
substances. It is found from this analysis that upon an inperature dependence Bhpeak, and the.rest comes frodi.
crease of temperature from 0 to 250 K the disorder paramete‘%econdly’ a r.eI|abIe value of the d|m¢n3|onless electron—
n changes from 0.048 to 0.071 in the C|Galt and from phonon .coupllng congtam can be derived, as s.hown n
0.056 to 0.073 in the BFsalt. According to the numerical Table I, in theM X chain complexes. Here the basic proper-

calculation by Kim, McKenzie, and Wilkir an increase in ties of the CDW state of the Clpand BF, salts are dis-

7 leads to a decrease ife4. IN the present case the amount cussed on the basis of these results.
of decrease imr ¢, due to the increase in can be estimated

to be only about 5% or less, justifying the assumption that A. Temperature dependence of energy gap
the dependence af .o 0N 7 is negligible in deriving Eq. The mechanism of the temperature dependence of the en-
(4). ergy gap is an important subject of semiconductor phy$ics.

The parameters £, and 17, give fwpea The present results suggest strongly that the thermal shift of
=2A,(1-0.57,)=2.83 eV for the CIQ salt at 0 K, in good  the Peierls gap in the PtCl-chain complexes is dominated by
agreement with the result of the reflectivity experiment bythe self-energy effect. In this context it may be worth recall-
Wada and Yamashita at 77 K despite that the least-squarefhg that the thermal shift of the energy gap in layered IlI-VI
fit analysis has been made by using only the transmissiosemiconductors is induced by the self-energy effect due to a
data. The values of y of 27@3.1) for the homopolar optical phonoif° The key to this phenomenon
ClO4(BF,) salt are also quite reasonable. In the B&alt, s the presence of a highly symmetric phonon mode in addi-
therefore, the absorption band is expected to have its pealon to an extreme anisotropy of chemical bdfidlhe ho-
around 2.8 eV as well. mopolar optical phonon responsible for the self-energy in

Another guantity that should be tested by the independerthose layered semiconductors is the fully symmetric normal
experiment is the phonon energyw,: The energies mode, which modulates the thickness of layers while keeping
35.8(43.2 meV obtained for the CIQ(BF,) salt agree with  the bisectric planes of all layers at rest. The deformation
the Raman energy 38.5 meV of the breathing mode of Cpotential of the energy gap due to this mode is essentially
ions within the error=5 meV of the least-squares fit. This large because only a little energetic cancellation occurs be-
result proves that the breathing mode of Cl ions plays d@ween the expansiocompressionof the interlayer van der
dominant role in the electron-phonon coupling processes ifWaals bond and the concomitant compress@tpansioh of
the CDW phase, as expected from the resonance Ramdhe intralayer covalent bond.
data. Low dimensionality is more distinctive il X chain com-

Long et al3**'have obtained the values o3, 7,, and  plexes. Each chain of a PtCl complex consists of valence
fiw, for the ClO, salt, which differ significantly from the alternating bonds, which can be depicted as

o — P3P _Cl—P{3 P _CI—P{3 P _Cl—P{3 P —_Cl—. - -,

with p<1. The intervening Cl ions are symmetrically dis- Clearly, the instability is driven by thek? phonon mode of
placed toward F£*” ions by about 0.4 A from the central Cl ions, in which every Cl ion vibrates out of phase against
position between B3P+ and P3*”*. This structure re- the Cl ion on the next site. The dimerization of Cl ions ac-
sults from the Peierls instability of the metallic cH#lin companies the transfer of a charge between adjacent
Pt3" ions to induce a wide energy gap oAg~3 eV be-
tween thed,-like orbitals of the resultant Bt ”* and
oo — Pt —Cl—PE*—Cl—Pf*—CI—Pf*—Cl—- ...  Pt®*”* jons. Since the breathing mode of the CDW state
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corresponds in symmetry to thek2 mode of the metallic TABLE II. The zero-temperature self-energyA,, transfer in-
phase, it would directly modulate the charge and thus tegralty, the ratioto/A,, the disproportionatiop of Pt ions, and
would exert a strong perturbation on the energies of the vathe empirical electron-lattice coupling constahin the CIO, and
lence and conduction bands. This situation is manifested b§F4 salts.

the above-mentioned large valuesxpk ,=0.070(0.081) eV
at 0 K, which are the self-energies @ K of the renormal-

Substance 7Aq (V) to(eV) to/Ay  p B (eVIA)

ization of the energy gap by the electron-breathing-modey|o, sait 0.070 0.38 026 093 21
coupling. In fact they are considerably greater than the selfgr, g4t 0.081 0.40 028 092 20
energy, 0.03 eV, te0 K in layered I1I-VI semiconductoré
B. Dimensionless electron-phonon coupling constant is noteworthy _that in the harmonic approximatitnis as-
and gap parameter sumed to be independent of. In general, however, the

h . I h i ¢ hrestoring force of a chemical bond depends on its valence
The subgap absorption, as well as the self-energy of thgiaie 1 the present case, because of a large disproportion-

9ap, reflects_thg strength of the electron-breathing-mode COUtion of Pt ions, the Pt-Cl bonds must have a significant
pling. Substitution of the values oy, fiwp, andAg N0 41 me anharmonicity, that igK must depend on, and

Eq. (1) yields A=1.21(1.16), conf|rm|_ng tha’g the present 4 lengths, although the equilibrium potential for a Cl ion
substances belong to the strong-coupling regime. The valugg the yicinity of its minimum would be parabolic. This is
of \ are comparable to the caser0.96," of KCP(Br) and = gjgenced by the fact that the breathing mode is softened by
are greater by a factor of 2-3 than the value INhydrostatic pressufd:222552-54The volume anharmonicity

7,42 . .
transpolyacetylené. _ , is manifested also by the fact that the force constant of the
In the strong-coupling regimey can be connected ap- pi(3+0)+_c| pond is much greater than that of the

proximately to the transfer integré} between Pt ions by a Pt3-*_Cl bond®® If the dependence df on the valence

relationshiph 1=ty /Ao.** It follows from the values  giaias of Pt-Cl bonds is treated empirically in terms of the
of A that tO/AO“, 1/(”)‘):_0'26(0'28) and thus \qrse potential, the above-mentioned energy-minimum con-
1o~0.38(0.40) eV. This result is compared t9=0.3 eV jiinn yields 8p=1.94 eV/A for the CIQ, salt?! In the same
obtained from a tight-binding band calculation by Whangboway, for the BF, salt the Pt-Pt distance of 5.37 A and the

and Foshe® and 0.67 eV estimated by Baeriswyl and , y
. 6 . . X arametersiy andK give 8p=1.87 eV/A. These empirical
Bishoff® on the basis of the interband oscillator strength. Th alues of Bp give Ay=2Bu,=1.63(1.48) eV, in good

value ofto/ A.O s a measure Qf the str_ength of CD\_N' In_ the agreement with the spectroscopic gap parameters obtained
strong-coupling regime the disproportionatiprof Pt ions is from the present experiment

related toto/Ag by p~1-(to/Ao)* well." Consequently for Actually, the Coulomb interactions would influence the
the present substances one fipas0.93(0.92), in good ac-  iyierhand” optical transition. In the Hubbard model, letting
cord with previous x-ray photoemission spectroséd@nd i effective on-site and intersite Coulomb energie/and
x-ray absorptlon_ hear e(_jge structtirexperiments. F“”hef' V, respectively, the Coulomb interactions cause a shift of
more, the quantlt_yO/AO is a k_ey parameter for_characterlz- h peax DY 3V—U.2"% In view of the results of the present
ing the self-localized excitations such as solitons and po—Study the value ofi3V—U| is likely to be significantly
larons. Viewed from a perturbation appro&tkhe present maller than 1 eV in both substances, althoughand V
result is reconciled with the gxperimental observations thaf /14 each be greater than or of the oréler of 158V
the photomduced heutral SOI't_OnS are thermally mdfitl . The values of basic quantities derived from the discussion
despite that they are self-localized to have a very small SIZ@. this section are summarized in Table II
of subnanometer scafé. '
The gap parametek is closely related to the properties
of Pt-Cl bonds. Within the framework of the site-diagonal
electron-lattice coupling scheme for the Peierls transitidn  The temperature dependence of the subgap optical ab-
the total energy of the ground state is minimized by balanczorption band associated with the fundamental Peierls gap in
ing of the energy gain due to the electron-lattice couplingihe |ow-temperature phase of the halogen-bridged linear-
with the elastic energy needed to displace Cl ions. Providednhain  complexes [Pt(en),][Pten) ,Cl,](ClO,), and
the Pt-Cl bonds are harmonic, this condition is expressed bypyen) , [Pten),Cl,](BF,) , has been studied in the tem-
a relationshipBp=Kuo/2,"* which is equal to 22.3 eV/  perature range of 10-270 K. The results are found to be
A, between the coefficieng of the linear coupling of the explained well in terms of the Kim-McKenzie-Wilkins
valence electrons  with the static displacementiheory which has formulated the smearing effect of the
Up=0.39(0.37) A of Cl ions and the force constant jnyerse-square-root singularity of the joint density of states
K=2Mw;=12.6(12.6) eV/R for the breathing mode, due to the quantum and thermal lattice fluctuations. In par-
whereM is the mass of a Cl ion. In the one-band mdd@| ticular, the observed thermal shift of the tail end of the ab-
A, is the energy that an electron of a(Pt”* jon gains  sorption band has been successfully separated into the com-
when two adjacent Cl ions go away hby toward P32+ ponents arising from the Peierls gap and the fluctuation-
ions, and thereby the harmonic approximation givesinduced subgap states.
Ag=2Bug= KuS/pz 2.1(1.9) eV. It has been confirmed that the electron-phonon coupling is
These values ofA, are significantly greater than dominated by the breathing mode of Cl ions. Because of the
Ay=1.45(1.45) eV obtained from the present experiment. Ione dimensionality of electronic bands and the high symme-

V. CONCLUSIONS
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try of the breathing mode, the coupling is very strong. Con-p~0.9 of Pt ions. It is suggested that the volume anharmo-
sequently the thermal shift of the Peierls gap is induced byicity of the Pt-Cl bonds plays an important role in the

the self-energy effect due to the breathing mode: The selfelectron-lattice coupling.

energy of the renormalization of the Peierls gap amounts to

0.07-0.08 eV at 0 K. Correspondingly both substances have

a large dimensionless electron-phonon coupling constant of ACKNOWLEDGMENTS

A=~1.2. The coupling of electrons with thé&k2 mode is also
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