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Signatures of polaronic excitations in quasi-one-dimensional LaTiQy
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The optical properties of quasi-one-dimensional metallic LgTi@re studied for the polarization along the
a andb axes. With decreasing temperature modes appear along both directions suggestive for a phase transi-
tion. The broadness of these modes along the conducting axis might be due to the coupling of the phonons to
low-energy electronic excitations across an energy gap. We observe a pronounced midinfrared band with a
temperature dependence consistent Witteracting polaron models. The polaronic picture is corroborated by
the presence of strong electron-phonon coupling and the temperature dependence of the dc conductivity.
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Titanium oxide compounds have been investigated exten- Single crystals of LaTiQ,; were grown by a floating
sively over the last decades, at the latest since the discovempne melting proces$:the oxygen content was determined
of high-T, superconductivity in the cuprates, to study theby thermogravimetry. The layered crystal struct[see Fig.
role of electronic correlations and to explore the doping in-1(a)] is built from slabs of distorted TiQoctahedra parallel
duced transition from a Mott insulator to a metal, like, e.g.,to the @,b) plane; it is monoclinic with lattice constanis
in Lay _,Sr,TiO.»2 Of further interest are the titanates be- =7.86 A, b=5.53 A, c=31.48 A, andg=97.1°. Like for
cause of the proposed polaronic nature of their charge carrithe closely related compound SrNpQ a characteristic
ers. For example, the existence of small polarons irproperty of the structure are the 1D chains of octahedra along
La, ,TiO3- s was shown by dc resistivity and thermoelectric
power measurements. Signatures of polaronic carriers

were also found in the optical response of JjBaTiO;, ':" (b) 10° ,\13'0 5 a
and SrTiQ in the form of a midinfrared MIR) band?~8 '.‘QQI AR \\/
Since a MIR band of (spinjpolaronic origin at 2 ﬁ]ﬁﬂ =il @ 1
~1000 cm® was also found in several cuprate¥ it ?§§'<‘ 10* D e o e
seems to be a characteristic feature of this class of com- SIS = | 1000/T
pounds for low doping as well. The proposal that)po- S 95 9P SIguE L (ab) plane
larons mi ' ighs elelel S0
ght play a major role for the high <6 40 40 a

superconductivit}? stimulated a vast amount of experimen- %\%g@ \'f! ~§
tal investigations on this issue. . [ @

On the other hand, the nature of the polaronic carriers in %ﬁb‘i §
the titanates is still under discussion. In this paper we present &f%
the optical properties of another titanium oxide compound, TS
LaTiOg 41, to search for polaronic signatures and test their a F ||a
compatibility with the existing models. Indeed, we find a 10*

strong MIR band in the optical response showing a strong 0 50 100 15 200 250, 500
temperature dependence. A particular property of LgEiO Temperature (K)

is i_ts quasi-one-dimensiona(qua_si-_l_D metallic Chafa‘%ter FIG. 1. (a) Projection along thé axis of the schematic LaTiQ)
which was recently found by resistivity measuremefitss crystal structure. The TiQoctahedra(light grey) are connected
interesting to note that a MIR band was also observed for @,ntinyously via their apical sites forming 1D chains alanggrey
variety of organic and anorganic quasi-1D metals, likegjrcies: O atoms, white circles: La atoms; Ti atoms hidden within
TTF-TCNQ,”® the Bechgaard salt$, 8-Nay 33,05, and  the TiQ, octahedra (b) dc resistivity p of LaTiOs 4, versus tem-
SINDO; 41.*® Whether this band is related to the 1D transportperatureT along the three crystal axes. Inset: iashed ling of
and, in particular, is ofvibrational or spinypolaronic origin, T between 200 and 300 K according to E8) for small polaron
are open questions which we want to address here. hopping.
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FIG. 3. Optical conductivityr; of LaTiOs 4, for E|a and E||b.
Inset: Phonon contributionr; ppononsto o1 for Ef|a from 35 to 350
cm™ !, obtained by subtracting the Drude term and the MIR band
(from the Drude-Lorentz fitfrom the measured spectrum; ticks
indicate the broad modes which appear below 100 K.
the a axis!* LaTiO;,; belongs to the homologous series

La,Ti,Os,.» Which exhibits a very rich phase diagrath: flection coefficient and thus the complex dielectric function
stoichiometric LaTiQqo (=0, Ti 3d?) is an antiferromag- could be obtained.
netic Mott insulator, while for off-stoichiometric The polarization-dependent reflectivity specRéw) of
La;_,TiO3. ;s metallic character of polaronic type was LaTiOz4; for several temperatures are shown in Fig. 2. They
observed-® LaTiO, for 3.00<x<3.50 is conducting? and  clearly demonstrate its quasi-1D metallic character: For the
in particular LaTiQ ,; (Ti 3d°8 shows a quasi-1D metallic polarizationEl|a, i.e., along the chains, we find a metallic
behavior** LaTiOs 50 (n=4, Ti 3d°) is a ferroelectric band behavior with a high reflectivity at low frequencies and a
insulator'® The dc resistivity as a function of temperatdfe sharp plasma edges(,~3600 cm '), while the overall low
depicted in Fig. lb) demonstrates the strongly anisotropic reflectivity for E[|b indicates an insulating character. The op-
character of LaTi@,;. Along the b direction and perpen- tical conductivityo;(w) is presented in Fig. 3. FdE||b no
dicular to the @,b) plane the compound shows a semicon-electronic absorption is observed in the far infrafétR);
ducting behavior, whereas along taelirection theT depen-  the spectrum below 1000 cm consists of a large number of
dence is more complicated: Below 60g rises steeply with  phonon lines, and the onset of interband transitions is found
decreasingT, between 60 and 200 K it§ dependence is above 1000 cm'. Along the chainsr; consists of a Drude
metallike, and above 200 I, slightly decreases with in- peak superimposed by vibrational lines and a pronounced
creasingT. This temperature dependence will be discussed iMIR band® With decreasing temperature we observe two
more detail later. major changes in thE||a conductivity:(i) in the FIR region,
Near-normal incidence reflectivity spectra were measure@etween 50 and 300 cm, modes(indicated by ticks in the
from 40 to 6000 cm® (5 meV—0.74 eV utilizing a Fourier-  inset of Fig. 3 possibly of vibrational origin appear below
transform spectrometer equipped with an ultrastable optical00 K which are broader than the others, 4iigithe MIR
cryostat. To obtain absolute reflectivities the spectra werdand, located around 2500 crhat RT, continuously shifts to
divided by the reflectivity spectra of a gold film recorded atlower frequencies and its intensity increases; besides, an ad-
the same set of temperatures, where the film was depadsited ditional feature appears around 940 ¢ The changes are
situ on the sample. Since no temperature dependence wdkistrated by the normalized difference,
found above 6000 cm', the spectra were extended to
36000 cm ! by the room-temperatur@RT) reflectivity data Aoy(o,T)=[o1(w,T) = 01(»,300 K]/ 01,300 K),
recorded with a variable angle spectroscopic ellipsometer. (@)
Each reflectivity spectrum was extrapolated to low and highshown in Fig. 4. In the FIR, below 150 ¢, for T
frequencies according to a Drude-Lorentz fit; from the sub=100 KAc,(w) has slope zero and it increases with de-
sequent Kramers-Kronig transformation the phase of the resreasingT due to the increase aefy.; but below 100 K the

FIG. 2. ReflectivityR of LaTiO;,; for E|a and E|b. Inset:
Detailed temperature dependence of a phonon modé&|fbrap-
pearing below 200 K.
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8 10° o 10" . ﬁ'10°(eV) pendence ok* (inset of Fig. 4 illustrates the substantial
' e 0 spectral weight growth of the modes with decreasing tem-
Ella e Lo o perature.
or P20 e, 2 & We now want to discuss the observed changes in the op-
sl ‘— * ’ 21010 ] tical conductivity in more detaili) The appearance of vibra-
4t 0 100 200 800 . tional modes in general suggests a breaking of the crystal
g WA Temprature (9. —— 8K symmetry. Some of the new modes fBfa are already very
o Wy 75K | weakly present in the 125-K spectrum, but the substantial
,,,,,,,,,,, g P growth of their spectral weight sets in below 100 K. The
j ——200K] occurrence of a phase transition in La%iis corroborated
0 o w’ ] by the development of ten phonon lines féitb with de-
broadmodes ~ MIRbandshit creasing temperatur@n example is shown in the inset of
10? 10° 10° Fig. 2. A remarkable finding is the broadness of the new
Frequency (cm’) lines along the conducting axis (see inset of Fig. Bwhich

FIG. 4. Normalized differencé o, [Eq. (1)] of LaTiO5 4, for mig_ht _be due to the coupling of th_e phonon_s to elecno.nic
Ella, illustrating the appearance of broad modes and the MIR ban(‘fxc'tat'ons' These low-energy ex.C|tat|0ns might be excita-
shift with decreasing temperature. Inset: Effective chatyef the ~ ONS across an energy gaptt which develops below 100

phonon modes and effective carrier numbgg per Ti atom of the K due to the phase transition. A coupling of the phonons to
MIR band as a function of temperature. these excitations could also explain their significant spectral

weight growth below this temperature. Since the broad
modes appear at frequencies above 50 tnone could es-
timate the size of the gap t&6 meV. The appearance of

) strong modes along the metallic axis caused by a coupling of
this frequency range. _ o phonon bands to the electronic density was in fact predicted

To quantify these changes we fitted thiga conductivity by Rice’? when considering organic linear-chain conductors

spectra with the Drude-Lorentz model. The MIR band wasyhich undergo a charge-density wave transition. For
modelled by two Lorentzian functions. As an example We| o1io_ - the presence of strong electron-phonon coupling is
show the fit for the RT spectrum in Fig. 5. This way we were; . qicated by the enhanced effective chamfe=1.6 at RT
able to extract the various contributiof@rude peak, “pho- (see inset of Fig. icompared to the value* =1 if there is

non” modes, MIR bany for each temperature. From the ., oo niing. In general, the interaction between a discrete
spectral weights we calculated the effective number of Carfifg,e| and a continuum of states gives rise to asymmetric
ers (per Ti atom for each contribution according ®le  peaks in the excitation specfaUnfortunately, the large
=[2meV/(me?)]/20f ;o1 (w)dw, where m is the free-  electronic backgroundDrude contributioh and the strong
electron mass, an the unit-cell volume(containing 20  overlap of the modes render a line-shape analysis and thus a
formula unit3. The upper integration limiw,, was set to  proof of the asymmetry of the new modes in LaJiQdif-
15000 cm !, where the onset of the interband transitions isficult.
located. As is shown in the inset of Fig. 4, the effective  Within this scenario two open questions remain, however:
carrier number of the MIR absorption increases as the temrirst, the dc resisitivity of LaTi@,; shows no anomaly and
perature decreases, but below 75 K a saturation sets in. Frofus no clear signature of a phase transition over the whole
the integrated intensities of the phonon modes and by usingieasured temperature range; a possible explanation could be
the ionic charges of the atoms we calculated the effectivghe small number of carriers involved. Second, there is no
chargee* according to the sum rufé. The temperature de- direct evidence in the optical conductivity spectrum for ex-
citations across an energy gap. Based on the present experi-

slope clearly changes and in particular for 45—100 ém
Ao, increases strongly, indicating additional excitations in

10° 10" 10° (eV) mental results the occurrence of a phase transition therefore
" ' . dem remains speculative. Additional experimental investigations,
a0 L Ella- 300K T e - for instance x-ray diffraction or neutron-scattering measure-
phonons. ments at low temperature, would be needed to clarify this
- mid-infrared peak issue.
= 800 (ii) The strong temperature dependence of the MIR band,
*-; namely its shift to lower frequencies and intensity increase

for decreasingl’ with a saturation at a specific temperature,
renders an interpretation of the band in terms of interband
transitions unlikely. The observed evolution with tempera-
ture is similar to that of the MIR absorption in the cuprate
superconductors which was attributed to polaronic
excitations'®!! The formation of polarons in LaTi§); is
corroborated by the presence of strong electron-phonon cou-
FIG. 5. Fit of the RT conductivityo; of LaTiO; 4, with the  pling indicated by the enhanced effective chamje A
Drude-Lorentz model. temperature-dependent MIR band was also found for the

200

Frequency (cm™)
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nickelates La_,SrNiO,. s, Where it was explained by anomalous peaks at frequencies comparable to the phonon
photon-assisted hopping of small polaréfé® photons in  frequencies with a strongly temperature-dependent intensity.
the MIR range excite self-trapped carriers from a localizedThese peaks, denoted as “polaron interband transitions”, are
state to localized states at neighboring sites, and the absorpurely electronic in nature and due to transitions between
tion is peaked at an energy twice the polaron binding energﬁiﬁ:erent subbands in the polaron excitation spectrum. They
Ep.2° The position of the MIR band thus provides an esti-might serve as an alternative explanation for the broad peaks
mate of Ep, which yields Ep~%w/2~155 meV for found in LaTiO; 4, along the conducting direction.

LaTiOj; 4; at RT. A conduction mechanism due to the hopping Whether one of these polaron models actually applies to
of small polarons, as suggested by the existence of &aTiOz4;, may be judged from a detailed comparison of the
temperature-dependent MIR band, is corroborated byTthe observed feature@VIR absorption features, broad mogiés
dependence gf, (see Fig. J: Starting from the lowest tem- the theoretical absorption spectra, thereby considering that
perature, the steep drop pg denotes the thermal activation Nnot Only vibrational but also Spin degrees of freedom could
of charge carriers. At60 K the carriers are free and with e involved in the polaron formation, as it was proposed for
further temperature increa% rises Since the Carriers are other materials with Strong electronic correlations like the
increasingly scattered by phonons; metallic transport is obcuprates’ or the manganite¥’ The clarification of these is-
served. The decrease pf above 200 K indicates that the Sues is of general importance, since a band in the MIR fre-
contribution due to hopping of polaronic carriers prevails.duency range is a characteristic feature in the optical spec-
For the dc conductivityr(T) due to small polaron hopping trum of quasi-1D conductor$. According to the present

one expects the thermally activated f3fm results for LaTiQ 4, the MIR band contains important infor-
mation on the transport mechanism in quasi-1D systems and
To(T)xexd —Ey/(kgT)], (2)  the careful study of its temperature and doping dependence is

therefore worthwhile.

In summary, we studied the polarization dependent optical
response of quasi-1D metallic LaT{@, as a function of tem-
perature. With decreasing temperature modes appear along
both studied crystal axes suggestive for a phase transition.

whereEy is the hopping energy; the disorder energy is omit-
ted since it is negligibly small compared Ey, in crystalline
bulk materials. In the range 200—300&,(T) can be fitted
according to Eq(2) (see inset of Fig. lwhich yieldsEy

~35 meV. This thermal activation energy is a factor of : TN
~22 smaller than the activation energf=Ep/2 The new modes found along the conducting directdne

. . f low 100 K are broader than the other modes, which might be
—~ 27 . 1
~78 meV; ' obtained from our optical data; such a dlscrep-_Caused by the coupling of the phonons to low-energy elec-

ancy between the thermal and optical activation energies I8 onic excitations across an energy gap. Hfe conductiv-

expepted since in the thermally activated process the Iatt'cﬁ'y spectrum contains a pronounced MIR band whose tem-
has time to relax anép is thus reduced.

erature dependence is similar to that of the MIR absorption

On the o_ther ha_nd, the tempera_ture (_jependence_ of t fi the cuprate superconductors and consistent (inferact-
MIR band in LaTiQ,—the softening with decreasing ing) polaron models. The polaron formation in LaTiQ is
temperature—is not compatible with a ”O”Co”e'a“;g’ smallorronorated by the presence of strong electron-phonon cou-
polaron model for strong electron-phonon coupffrf§“®In pling and the temperature dependence of the dc conductivity.
the case of_the h'gﬁ? cuprate sgperconductors the MIR The findings for LaTiQ 4; suggest the general importance of
band sqftenmg was interpreted In terms of Igrge p.OIarorboIaronic guasiparticles for the transport mechanism in
models including polaron-polaron interactiod€®—3A dif-

ferent approach was recently used by Fraghial3? who quasi-1D conductors.
considered small polaron absorption for intermediate
electron-phonon coupling: Their calculated optical conduc-
tivity exhibits a noticeable transfer of spectral weight from  We thank P. Haas for providing additional data. This work
high to low frequencies with decreasing temperature, like wavas supported by the BMBFProject No. 13N6918)land
observe in LaTiQ,4,. Besides, the calculated spectra showthe Deutsche Forschungsgemeinschaft.
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