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FAR INFRARED RESPONSE OF (TaSe4)zI: 

OBSERVATION OF THE CHARGE DENSITY WAVE OPTICAL PHASON 

M. S. Sher\Vin* lIld A. Zettl 

Department of Physics, University of California, Berkeley, Berkeley, California 94720 

Abstract: 

P. L. Richards 

Department of Physics, University of Cal1fornia. 
(Ild Materials (Ild Molecular Research Division, 

La\Vrence Berkeley Laboratory, Berkeley, California 94720 

We report measurements of the far infrared (FIR) reflectance of the charge density 

\Vave (COW) conductor (TaS~hI. In the COW state, lIld for incident electric field 

polarized parallel to the crystal chain directi<n, the associated FIR conductivity sho\Vs a gilllt 

resoncnce at 38 em-l. We identify this mode \Vith the COW optical phason. 
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Over 30 years ago, Frohlich1 proposed a novel mechanism for charge transport in a 

coupled electron-phonon system having undergone a Peierls transition: a displacement of the 

phase of the charge density 'IIave (COW). The field of COW dl/lCmics has been (Il area of 

vigorous research since 1976 , 'IIhen nonlinear DC conductivity 'lias first observed in NbSe3 

CI'1d attributed to a sliding COW Frohlich mode2. More recent micrO\\lave studies3,4 of the 

COW materials NbSe3, TaS3 and (TaSf4hI have found a resonance in the ac conductivity, 

<Ild this reson<llce has been attributed to the excitation of the pinned q=O acoust1c phason, 

first predicted by Lee, Rice and Anderson (LRA)S. In the past it has been assumed that, at 

frequencies above this resonalC8, the response spectrum would be rather featureless ('IIith 

the exception of 10\\l- tying phonon modes) until normal carriers are excited across the 

Pe1erls gap at hl1=2~. 

In this letter, 'lie report measurements of the far infrared (FIR) conductivity of 

(TaS~hI paranel to the crystal chain direction (c axis), in the frequency ran~7 8 to 350 

an -1. We find a giant peak in the conductivity at 38 an-I, 'IIhich is roughly 40 times 

larger than the frequenOJ of the microwave reson<llce4 and SO Urnes smaller than the 

frequenOJ of the Peierls gap6.7 associated 'IIith (TaS~hI. The FIR peak has approximately 

80 times the oscillator strength of the micrO\\lave peak associated 'IIith the pinned phason 

mode. The temperature dependence of the FIR peak indicates that it is associated 'IIith the 

condensation of the COW. We argue that the phason branch of the COW dlspers10n must In 

fact be split into an acoustic <Ild an optical branch, <Ild 'lie interpret the FIR peak as arising 

from the excitation of the q=O 'Ptk:a/phason. Based on the phason dispersion relation 

derived by LRAS. 'lie estimate that this optical phasan should be observed near 39 em -1, 

conSistent 'IIith our experimental results. 

We have grO\\ln single crystals of (T aS~hI (tetra<p1al space group) by conventional 

v~or transport techniques. The COW transition temperature, determined frem de 
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resistivity measurements on crystals from the same preparation batch, \Vas T p=265K. 

T~ical face sizes of the crystals used for our FIR studies \Vere 5mm along the c axis and 

2mm along the a axis. Several crystals \Vere carefully oriented on both principal axes and 

mounted on a stlJ;ast epoxy plug to form a mosaic \Vhich covered roughly 70% of the area of 

a 1 em dianeter disk. The sanple \Vas pl?£ed in a continuous transfer Helium cr~tat 

ad~ted in our laboratory for use \Vith a Michelson Fourier spectrometer to measure 

polarized reflectance. Incident FIR radiation ,*as polarized using a \Vire grid polarizer and 

reflected radiation \Vas detected using a 10'* noise canpostte bolometer operated at I.SK. 

The sanple temperature \Vas varied frcm 10K to room temperature, CJld reflectance \Vas 

measured frcm 8 to 350 an-to At each fixed sanple temperature, the semple spectrum 
.~ 

\Vas normalized to that of a pOlished brass plug. Atter a11 data had been measured, gold \Vas 

ev~orated mto (only) the crystal faces of the mosaic crld the reflectcrlce of the sample \Vas 

again normalized to that of the brass. This allO\Ved correctim for crly nm plcrlar geooletry of 

the composite semple. The details of the ~erimental technique \Vill be described 

else'1t'hereB. 

Reflectance curves for (TaSe4>2I at various temperatures, for radiation polarized 

parallel to the c axis, are presented in Fig.!. At room temperature the reflectance is high 

and fairly featureless except for a slO\V decrease \Vith increasing frequency from .9 at 30 

an-I to .7 at 300 em- t . The precursor of a 10\V temperature peak at 143 em -1 is evident. 

As the sample is cooled through T p=26S K, the reflect(J'lce bet\Veen 30 and 90 em-I begins 

to increase, (J'ld the drop in the reflectcrlce near 100 cm-1 begins to sharpen. As the sample 

is cooled further, this drop develops into (J'l extremely sharp edge, \Vith the reflectance at 

110K dropping from near unity at 92 em- t to.2 at 96 em-t. T\Vo smaller peaks appear 

bet'Neen 140 and 200 em-t. The reflectance ch(J'lges little bet\Veen 110K and 10 K. Fig. 2 

(solid line) sho\Vs the measured reflectance at 10K. The reflect(Jlce rises from .9 at 1O\V 
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frequencies to near unity at 40 em -1 and remains near unity until 95 em -1, \!lith the 

exception of a small dip at 79 em-I. At frequencies beyond the reflectance edge, t\!lO sharp 

peaks are evident, at 143 and 190 em-I. Above 200 em-I the reflectance slO\llly rises \!lith 

Increasing frequency and then levels off. \!11th no sharp features. 

Reflectance \!las also measured perpendicular to the c axis in (TaSE!4)21 at various 

temperatures above and below Tp. As expected for this Quasi one-dimensional material, the 

perpendicular spectrum shares no common features W'ith the parallel spectrum described 

cbove. The perpendicular reflect<llce data W'111 be presented el5eW'here8. 

The pattern of a rise in the reflectance from.9 at 20 em-I to near unity above 40 

em-I follOW'ed by a reflectance edge suggests the presence of a mode W'lth a giant oscillator 

strength in the region betW'een 25 and 50 em -1. The other peaks in the spectrum (for 

exanple at 143 and 190 an-I) Indicate modes W'ith smaller oscillator strength. In order 

to extrzx:t the cOmplex dielectric function- €=€1 +i€2 from the reflectance data, W'e· have 

fitted the reflectance to a model W'ith 4 Lorentz oscillators and a back.ground dielectric 

constant € 00: 

€1( f)=€oo + In Sn[l-(f If On)2] (1) 

{[1-(f/fOn)2]2+f2/fOn4~n2} 

€2(f)=In (Sn/fOn~n)f/fOn (2) 

{[1-(f/fOn)2]2+f2/fOn4~n2} 

INhere f Is the frCQuenOj, f On Is the resonant frequenOj of the nth mode in the model, the 

oscillator strength of the nth mode is Sn( 211fon)2, and ~n is the damping time of the nth 

mode. 

The dashed line in Fig. 2 shoINs the reflect(J'lce fit computed from € using the fitting 

par <meters l1sted In T cb Ie 1. The computed reflect(flce is sensitive to the 

chosen par<JTleters of Table 1. For e~ple, ch(fl~ in the par<JTleters of the 38 em-I mode 

J 
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of only 5% visibly degrade the quality of the fit. 

Fig 3 shows ~1 and ~2 calculated from Eqs. 1 end 2 using the fitting parameters of 

Table 1. The peak values of the conductivity arising from each mode are also presented in 

Table 1. As is apparent fran Fig. 3, £2 (a1d hence the conductivity) is dominated by a giant 

peak centered at 38 an-to We shalt consider this strong mode in detail shortly. The weaker 

modes at 79, 143 end 190 em-I are most prob;bly associated with low lying phonon modes9. 

At frequencies much less thCl'l the 38 em-I resonance peak, ~1 of Fig. 3 is approximately 

equal to 600. consistent with the high reflectence at low FIR frequencies. Between 38 and 

96 em-I, the dielectric constant is negative, giving rise to the near unit reflectance in this 

frequency range. The small dip at 79 em-I results from the weak (phonon) mode at that 

frequency. At 96 em- t , the. dIelectrIc constent crosses the real axIs, leacUng to the sharp 

reflectence edge observed in Fig. 2. 

In the remainder of this paper we present a model to exp lain the origin of the gient peal< 

in the conductivity at 38 em-I. The temperature dependence of this peak indicates that it is 

assocIated with the formatIon of the COW, but Its frequency marKS It as quite distInct from 

the pinned phason mode at 1 em-lor the Peierls ~ at 2000 em -1. 

The dispersion relation for the COW as calculated by LRAS predicts both en optical 

bra1ch, the amplitudon, which consists of excitations of the <rnplitude of the COW and is 

Raman actlve9, and an Infrared actIve acoustIc or phason br<rlcll whIch descrIbes excItatIons 

of the phase of the CDW. The dispersion relation for the phason is, in the absence of pinning 

a1d for long wavelengthsS, 

Q_< q)2=(m/m*)(vFQ)2 (3) 

where Q_ is the phason frequency, m .is the electronic band mass, m* the Frohlich mass, vF 

the Fermi velocity, and q the wavevector of the excitati!J1. Because of impurity pinning, the 

phason frequency is not zero at q=O. The lcm- 1 mode in (TaS84hI has been identified as 
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the pinned acoustic phasoo4. The frequency of that mode increa..c:-es with increasing samp Ie 

impurity concentration, as expected for the pinned acoustic phason1 0. The giant conductivity 

mode observed in Fig. 3 is at a frequency ~proximately 40 times that of the pinned acoustic 

phasoo, <rld contains nearly 80 times the oscillator strength of the acoustic phasoo, as 

determined by the fitting par(lTleters S <rld fa for the two modes8. 

The origin of the 38 cm- 1 mode in (TaSl!4hI may be understood as follows. In <rlY 

crystal cmtaininga COW. the electrcnic density is modulated 'IIIith a 'IIIavevector 21<F' This 

modulat1on gives rise to local electrfc dipoles. Hence, similar to the Q=O optical phonon 

mode in an ionic crystal, the phason mode -.vith -.vavevector 2kF -.vill be very strongly coupled 

to the electric field. Since there is a static distortion with 'IIIavevector 2kF, the Brillouin 

zme for the COW (igloring the periodicity of the lattice) extends only from -kF to I<F. <rld 

acoustic phason modes with kF<Q<2kF are mapped onto an tptical/)ra7Ch of tile pllasa? 

Consequently, 21<F maps onto k=O; clearly, a long -.vavelength electromag'letic -.vCNe can excite 

this mode associated 'tilth the static charge distortion. We hereafter cal1 this mode the 

optical phason. Walker has predicted a related first harmonic phason11 . 

Given the complicated nature of the phoooo spectrum of (TaS~hI. it is difficult to 

accurately estimate the frequency of the optical phason. We may obtain a crude estimate by 

modifying Eq. 3 to include dispersioo at the zone boundary. If \Ve fit a sinusoidal dispersion 

relation to EQ. 3 at ID'li frequencies, 'IIIe find ~Loptical(0)=(2/1tHL(2I<F)' Assuming that 

2kFvF=( 21T2/).,,2)h/21Tm, where)." is the COW wavelength ~14 A12, h is PlanCK'S constant, 

<rld tak ing m~ free electron mass <rld the micrD'liave value4 of 104m for m* • we find 

~Loptical(O)/21t=39 em-I, \Vhich is remark(bly close to the observed value. 

The optical phason C3l be further ~alyzed using the theoretical framework developed 
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for the optical modes of ionic crystals. Igloring the crystal lattice, the CDW in (TaS~)2I 

can be approximately treated as a diatomic crystallNith positive and negative charges 

separated by )../2. The point at INhich the reflectirlce rises to near unity at 38 em -1 and the 

reflectance edge at 9S em-I are then respectively the TO a1d LO modes of the optical phasal. 

As is clear from Figs. 3, the optical constiJ'lts are daninated by the optical phason resonance 

at 38 em- t . The characteristics that distinguish the optical phason in (TaSE4hI from most 

optical phonons are its 10'w' frequency iJ'ld giant oscillator strength. For excmple, the lowest 

TO frequency for iJ'l alJcal1 hal1de crystal1s 6S em-I for CsI, iJ'ld for that resona1ce9 S=4, 

compared \\lith S=500 for the optical phasm resoniJ'lce (Tcble 1). 

The giiJ'lt oscillator strength of the optical phason can be understood to arise fran the 

delocaJized nature of the condensed electronic states in a COW. An analO<J.J may bedra'IVn 

between the COW a1d electrms ~eakly bound to ionic cores in IV-VI compounds. In SnTe, 

. for excmple, a fIR resona1e8 due to iJ'l optical phonon ~ith TO frequency 26 em -1, LO 

frequency 139 em-I iJ'ld S= 1240 is observed14. Similar effects are not found in the alkali 

halides, ~here the electrons are in nearly atomic orbitals. The ~eak binding of electrons in 

IV-VI compounds m&fls small ionic motl00 may be accanpa1ied by a much larger 

readjustment of the electrooic charge density, leading to a large oscillator strength. This 

large electronic polarizcbility is parcmeterized by a tra1sverse effective charge15 

e~T'=( rcMS/N) 1I2vTO' ~here M is the mode mass, l)TO is the TO mode frequency, and N is 

the density of OSCillators. In the case of SnTe, e~T ~8e, INhere e is the bare electronic 

charge14. 

A similar effective charge parameterization should apply to the optical phason of the 

COW16. HO'Wcver, in the absence of a theory valid for an incommensurate COW, it is not 

clear ho,* to assi91 a value for the mode mass M iJ'ld thus it is difficult to 

estimate e*r. For a very rough estimate, if lNe assume the CDW to have the periodicity of 
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the unit cen1Z, and for M 'Ne assume half the mass of the unit cell (""hich is equivalent to 

assum1ng all the atoms are parttc1pat1ng equally 1n the osc111at1on), then e~T~70e for each 

of the 2 conduction electrons in the unit cen. This large value for the effective charge 

suggests a large oscHlator strength for the optical phason, as observed in (TaS~hI. 

The optical phason should be present in all COW materials, ~d indeed our results have 

import(flt implications ""ith respect to ac conductivity studies of other COW systems. FIR 

measurements have previously been performed on NbSe317 ~d K.3Mo0318. In these 

materials, a ref1ect~ce edge \\11th a temperature ~d frequency dependence very stml1ar to 

that in Fig. 1 has been attributed to the pinned ~ust/cphason. This identification has been 

controversial. In K.3Mo03,for exanple, both a strong FIR model8 at 22 em-I ~d a 

raciio-micrO'Wave rescn~ce1 9 have been interpreted as the pinned phason. A simi Jar 

problemattc interpretation occurs for NbSe3 FIR 17 ~d micro\\lave3 data. We suggest that 

the FIR reflect~ce edges Observed in these materials should be identified \\lith the optical 

phason. 
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T<t>le 1 

fo (an-I) f01: S a'(fO) (Ohm-1-cm- 1) 

38 13 500 4100 
78 25 1.5 49 

149 50 2.5 297 
194 50 4 633 

TeDle 1: Parcrneters of Eqs. 1 and 2 used for the fit to the reflectance of (TaS!4)21 at 10K 
(Fig. 2) and the determinatial of the associated dielectric function (Fig. 3.). a'(fo) is the 
calductlvity at fa arising from the resala1ce at fo 

.;~r 
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FIGURE CAPTIONS 

Fig. 1. Reflectance of (TaSE!4hI at selected temperatures. 

Fig. 2. Reflectance of (TaSE!4hI at 10K (solid line) and oscillator fit (dashed line) to that 

reflectance calculated from the parameters of Teble 1. 

Fig. 3. Canplex dielectric functl00 £= £1+;£2 for (TaSE!4hI at 10K. as determined by the 

oscillator fit to the reflectivity. Both £1 ald £2 are flat and featureless beNeen 250 and 
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