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Dielectric properties and dynamical conductivity of LaTiO5: From dc to optical frequencies
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We provide a complete and detailed characterization of the temperature-dependent response to ac electrical
fields of LaTiQ;, a Mott-Hubbard insulator close to the metal-insulator transition. We present combined dc,
broadband dielectric, mm-wave, and infrared spectra of ac conductivity and dielectric constant, covering an
overall frequency range of 17 decades. The dc and dielectric measurements reveal information on the semi-
conducting charge-transport properties of Lagji@hdicating the importance of Anderson localization, and on
the dielectric response due to ionic polarization. In the infrared region, the temperature dependence of the
phonon modes provides evidence for structural anomalies at the magnetic ordering temperature. In addition, a
gaplike electronic excitation following the phonon region is analyzed in detail. We compare the results to the
soft-edge behavior of the optical spectra characteristic for Mott-Hubbard insulators. Overall a consistent pic-
ture of the charge-transport mechanisms in LaTénerges.
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I. INTRODUCTION even the occurrence of electronic ferroelectricity in corre-
lated electron systems was propod®ds LaTiO; is very
Among the perovskite-related transition-metal oxides, thatlose to a Ml transition, irrespective of possible ferroelectric
have been in the focus of solid-state research for almost tweorrelations, high values of the dielectric constant can be
decades now, LaTiQis a prominent member and of high expected; however, up to now no comprehensive study of the
interest for a variety of reasons: At first, La@ a proto-  djelectric properties of LaTiQwas performed.
typical Mott-Hubbard insulator, which is just at the verge of  Among the previous investigations of the response of
a metal-insulatofMI) transition, becoming metallic at very | 4Tjo, to electromagnetic fields, so far the main emphasize
low doping Ievglsl.‘ This not_|ori‘_ was_corroborated by @ hag focused on the study of its electronic excitations via in-
variety of experimental investigatioRs;® *°with the optical  f4-eq (IR) and optical spectroscoBy® Some information

spe%t_ri)oscopy of electronic excitgtions p'Iaying a leading -5 also gained on its phonon modes via far infraifeiR)
role. Very recently, renewed interest in LaTjCarose spectroscopi?2L22 Most of the earlier investigations of

_due to _expelr;mental observatichs and . th_eoret|cal LaTiO5 in the FIR region were performed at room tempera-
interpretation$!2 of the ground-state properties in terms of . o :
ture only and often with rather low precision, revealing, e.g.,

an “orbital-liquid” state, involving the dynamical quenching . .
of the orbital moments in LaTiQ The orbital degrees of only a small fraction of the 25 IR-active phonon modes ex-

freedom are nowadays understood to play a crucial role fopect_ed for_ ort_horhomblc LaT'Q The same can be said for
the electronic and magnetic properties of many transitior}’€ investigation of the region beyond the phonon modes.
metal oxides. While the existence of an orbital-liquid state inAISO the correct stoichiometry of the samples, used in early
LaTiO;, is still a matter of controversy;214-jt is clear  investigations of LaTi@, sometimes seems doubtful. Inves-
that the disclosure of the orbital ground state in Lai©a  tigations at lower frequencies, including the range of classi-
highly relevant and complex problem, both, experimentallycal dielectric spectroscopy from Hz to MHz frequencies, are
and theoretically. Closely connected to this topic is also theélmost completely missing up to now. In Ref. 23, very high
question of a structural phase transition, which, via the Jahrvalues of the dielectric constaat >1000 were reported for
Teller effect, accompanies possible orbital order and mayigh temperaturesT>600 K, but the intrinsic nature of
occur simultaneously with the antiferromagnetic ordering athese results is not clear as contact effects may also lead to
Ty~146 K. Recent experimental findings indeed revealedapparently high dielectric constartts.
some hints of structural anomalies&§. 1%’ In the present work we provide spectra of the ac conduc-
Finally, LaTiO;, can be expected to exhibit also tivity o’ and dielectric constant’ of single-crystalline
interesting dielectric properties: Within the well-known LaTiO; over an overall frequency range of 17 decades, from
La, ,A,TiO; (A=Ba or S) phase diagrams'®the compo- 10 mHz to 1000 THz. This is achieved by combining results
sitions withx=1 show a ferroelectri¢Ba) or incipient ferro-  from classical dielectric and coaxial-reflection spectroscopy,
electric (Sr) behavior. While the electrical ordering in these as well as from quasi-optic mm-wave and IR spectroscopy.
materials usually is explained in terms of ionic displace-The measurements were performed from room temperature
ments, recently the importance of electronic correlations fodown © 6 K and for two different crystallographic direc-
ferroelectricity in these systems was also pointed'®un  tions. The samples used in this work are very close to the
addition, in the framework of the Falicov-Kimball model ideal stoichiometry, especially concerning the oxygen con-
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tent, where already slight deviations can lead to significanfingerprint for crystals very close to ideal stoichiometry. The
free-carrier contributions. same can be said for the low dc conductivftys deviations

One of the aims of the low-frequency€2 GHz) mea- from stoichiometry drive the Mott-Hubbard insulator to-
surements, performed in this work, is to determine the intrinwards a more metallic state. For the measurements of the
sic dielectric constant at frequencies below the phonompresent work, several platelets were cut from the same melt-
modes, which is caused by the ionic and electronic polarizgrown rod. From x-ray and thermal expansion measurements
ability. Another important point is the clarification of the role performed on platelets cut in the same directidthe crys-
of Anderson localization in LaTiQ While the Mott- tallographica axis was deduced to be perpendicular to the
Hubbard or charge-transfer-insulator scenario nowadays &mple surface. The IR measurements were performed in
used as the standard interpretation of the nonmetallic behat€flection geometry on a polished platelet with an area of
ior of various transition-metal oxides, the importance of@bout 3<3 mnf and 1-mm thickness, the electric field being
Anderson localization is often neglected. Via a characteristi€iented perpendicular to thee axis. For the measurements
frequency dependence of the conductivity below GHz, it wadrom dc to 2 GHz smaller platelets were covered with two
demonstrated that in many semiconducting or insulatinglVer-paint contacts in sandwich and coplanar geometry,
transition-metal oxides, including highcrelated materials hus_enabllng measurements parallel and perpendicular to the
and colossal-magnetoresistance manganates, hopping cch@XIS. . _
duction of Anderson-localized charge carriers plays an im- The dc conductivity was measured with a standard four-
portant role(see, e.g., Refs. 25—29t seems that even for point technique, employing an electrometer. The ac elgctr|cal
undoped materials, small inevitable deviations from stoichif€Sponse from 20 Hz to 1 MHz, was determined using an
ometry can generate sufficient disorder to lead to Andersofutobalance bridgéHP4284A LCR meter At temperatures
localization2®—27 below 60 K, additional measurements down to” 14z

Our measurements in the FIR region aim at a precise devere performed using a frequency-response analjtevo-
termination of the temperature-dependent phononic excitecontrol « analyzey. In all these measurements, for cooling,
tions in order to check for possible structural anomalies afh€ samples were mounted in“&le-bath cryostat. In the
Ty. First results were already published in Ref. 16. Furtherfadio to microwave regime, a reflectometric technique em-
more, the comparison of the dielectric constant in the FIRPIOYing an impedance analyzekgilent 4291A, 1 MHz-1.8
region and the GHz region should allow one to conclude or2H2) was used, the sample shorting the inner and outer con-
the origin—either ionic or electronic—of the intrinsic dielec- ductor at the end of a coaxial lirfe.For cooling, the end of
tric constant observed in dielectric spectroscopy. In additionthe coaxial line was connected to the cold head of a closed-
it is of interest to clarify the contribution from charge trans- cycle refrigerator, allowing measurements down to 30 K. For
port to the frequency-dependent conductivity in the low FIRMeasurements below about 100 K, an open/short compensa-
region by a comparison to the results from dielectric spec-f“on has been.performed at low temperatures to eliminate the
troscopy and measurements in the mm-wave range. For tHefluence of slight temperature-depenc_ient changes of the line
description of this region, in earlier literature a background@d sample holder. In the IR regime the temperature-
contribution from a free-carrier Drude-behavior was dependent reflectivitiR was determined using two Fourier-
evoked®82122however, the samples used in these investigafransform spectrometet8ruker IFS 113v and IFS66V/SA
tions can be suspected to have been slightly off-SPectral range from 80 ~2.4THz) to 25000 cm*
stoichiometric. Finally, we intend to obtain information (=740 THz) was covered utilizing a suitable set of sources,
about the gaplike excitations in the region beyond the phobeamsplltters, windows, and .detectors; refergnce measure-
non modes, including its so far only rarely investigated tem nents were performed with a gold mirror av
perature dependence. Special emphasis will be paid to the 16000 cni* and an aluminum mirror at higher frequen-
onset of the interband conductivity. A soft-edge behavior iscies. In addition, in regions of small reflectivity, the back-
expected for a Mott-Hubbard insulator, while a Slater anti-ground reflectivity due to cryostat windows and unwanted

ferromagnet would produce a Sharpiy rising Conductivity atreﬂelctions W|th|nthe Spectrometer was taken into account by
the band edgé’ making a correction using the measurement results of a zero-

reflectivity sample. Cooling dowroté K was achieved by a
“He-bath cryostat. Spectra of' and ¢’ were calculated
Il EXPERIMENTAL DETAILS from the mef_alsured reflectivity a_nd the phase shiﬁ, which was
calculated via a Kramers-KronigKK) transformation. The
Single crystals of LaTiQwere prepared by floating-zone required low-frequency extrapolation was based on the mea-
melting, as described in detail in Ref. 1. Some of the crystalsured dielectric data, while at high frequenciesyal>®
were untwinned and these were used for the measuremenfsower law extrapolation was found to match the experimen-
The oxygen content was determined by thermogravimetrytal data best. To check for the behavior in the frequency gap
yielding a stoichiometry of La:Ti:O like 1:1:2.99. The x-ray between the highest frequency of the coaxial measurements
pattern at room temperature revealed an orthorhombic stru¢1.8 GH2 and the lowest FIR frequenc{2.4 TH2), addi-
ture (Pbnmz=4) with the lattice parameterd=5.633,b  tional transmission measurements were carried out in the
=5.617, andc=7.915 A. The Neel temperature of LaljO mm-wave region using a quasioptic spectrometer in the
depends sensitively on the oxygen contéfyy=146 K of = Mach-Zehnder configuratiotf. This allows for a measure-
our samples is among the highest reported in literafiee, ment of the transmittance and phase shift, thus avoiding the
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offset between the LCR-meter and impedance-analyzer re-

GKW sults shows up at 1 MHz. The solid circles in Figajlindi-
—~ 102 B sak ] cate the dc conductivity, obtained from a four-point measure-
e Le=ris ment. As indicated for 130 K by the horizontal dash-dotted
T; 10° | eex line, obviously the conductivity values detected at the lowest
= frequencies of the ac measurements are lower than those of

10‘1°:— the dc four-point measurement. This indicates significant
contact contributions leading to an apparently lowered con-
ductivity in the two-point ac measurements. Metal-
semiconductor contacts often exhibit high ohmic resistances,
accompanied by a high capacitance due to the formation of a
depletion layer at the metal-to-semiconductor interf4ce.
They usually can be modeled by a parallel resistance-
capacitance circuit, connected in series to the bulk sample,
thus leading to the equivalent circuit indicated in Fig.
1(b).*2” At high frequencies, the contact resistor becomes
shortened by the contact capacitance and the intrinsic bulk
response is detected. This causes the smooth steplike in-
crease oy’ (v) observed at higher temperatures. Indeed, the
values reached by’ beyond the step agree well with the
FIG. 1. (Color onling Frequency-dependent conductivitg)  results from the dc measuremdifig. 1(a)]. The observed
and dielectric constarib) of LaTiO; for selected temperatures and ghift of the steps with temperature can be understood by
field dir(_ection ElLa in_ the compIeFe frequency range investigated.taking into account the temperature dependence of the cir-
For clarity reasons, in the IR reglon the .res.ults are shown for 6 Kcuit's time constant, which is mainly determined by the
only. The dashed and dotted lines (& indicate the UDR and . . . ist2his
SLPL, respectively, for the lowest temperatures. The horizontaF’ernlcondUCtIng chargcterlstlcs of the sample res!st €.
dash-dotted line demonstrates that the dc conductivity from ’[hé3 K,’ the step has Shlfte_d out of the frequency window, and
fourpoint measuremenfilled circles agrees with the value as- intrinsic behavior prevails for the complete curve. The men-
sumed byo’(v) beyond its steplike increas@iocated at about tioned offset at 1 MHz in the 300-K spectrum mirrors the
10° Hz for 130 K). The dotted line inb) indicates the intrinsie., . fact that two crystals with different geometries were used for
The solid lines through the 130 K curves are the results of a fithe low- and high-frequency measurements. Thus the differ-
performed simultaneously far’(v) ande’(v), using the equiva- ing contact resistance leads to the observed offset, showing
lent circuit indicated inb) with the bulk contribution including the up in the nonintrinsic region of’(v). For the lower tem-
sum of UDR and SLPL behavior. The dashed lindinshows the  peratures, the merging frequency of both methods is located
iqtrinsic bulk contribution for 130 K. The inset compares the dielec-beyond the frequency of the contact steyhich has shifted
tric constant measured fdt. a andElla at two temperatures. to lower frequenciesi.e., in the intrinsic region, and thus no

necessity of a KK transformation. Using this setup measureOﬁset 's observed. Ia"(v) [Fig. 1(b)], the high contact ca-
; ' pacitance leads to apparently huge values of the dielectric
ments at 145 GHz were performed between 5 and 300 K. pact PP y huge vau I I

constant in the contact-dominated region. Only at high fre-
quencies is the intrinsie’ observed. To check the validity of
the interpretation outlined above, we have carried out a least-
square fit of the spectra at 130 K using the equivalent circuit
shown in Fig. 1b). To take account of the high-frequency
increase ofo’(v), for the bulk response an additional

contact bulk

log,, [v(Hz)]

IIl. RESULTS AND DISCUSSION

In Fig. 1 the spectra of the conductivity and dielectric
constant of LaTiQ are shown in the complete frequency
range investigated for selected temperatures and with th . . .
electric field ELa. For frequenciesy<2 GHz, measure- requency-dependent ter_m was mclude_d, as described in Sec.
ments were also performed f&fia, revealing a qualitatively III C. The results of the fit, performed simultaneously &or

similar behaviof® The spectra show a rich variety of fea- @1de’, are shown as solid lines in Figs(al and 1b). A
tures that will be treated in the following sections. reasonable agreement of experimental data and fit can be

stated. WithRy,~120 K) and R.~180 K} the fit reveals
quite similar magnitudes of the dc resistance and contact
resistance. In contrast, the thin depletion layer corresponds to

In Fig. 1(a), at low frequencies, a plateau shows up ina contact capacitanc&,~24 pF, much larger than the in-
o' (v), which is most pronounced for the higher tempera-trinsic capacitance of;~0.16 pF. In comparison to the fit,
tures. AtT=35 K, this plateau is interrupted by a small step-the step ins’(v) appears somewhat smeared out. This find-
like increase(e.g., at about TOHz for 130 K), which shifts  ing may be attributed to the roughness of the sample surface,
towards higher frequencies with increasing temperature. It ifeading to a distribution of time constants of the circuit. At
quite smeared out at<52 K, due to the further increase of 300 K, even an indication of two successive contact steps
o' (v), as discussed below. In addition, a3 a significant  shows up, the origin of which is unclear.

A. Electrode effects vs intrinsic contributions
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1/ [T(K)" at Ty is connected with ferrodistortive orbital order of

0.2 0.3 0.4 dumbbell-shaped orbital§ p-like” ) within the ab plane. At

. ' ' ' high temperatures, the highety, for Ella documented in
Fig. 2 may mirror an anisotropy in the intersite transfer ma-
trix element that is influenced by orbital-order correlations
with a dominant component in tredirection. In contrast, at
low temperatures, where tunneling prevails, the hopping
probability mainly depends on the tunneling distance. Thus
the smaller tunneling distance f&rl a probably leads to the
detected enhancement of the conductivity in this direction.

LaTiO,

-1 -1
o, (@cm)

10 20 30 40 50

C. ac conductivity and universal power laws
1000 / [T(K)]

Following the intrinsic dc plateauy’(v) starts to rise

FIG. 2. (Color onling Temperature-dependent dc conductivity continuously with increasing frequend¥ig. 1(a)]. At the
of LaTiO, for both investigated field directions. The data are givenlowest temperatures, where the contact step and dc plateau
in an Arrhenius(lower scal¢ and a VRH representatiotupper  no longer contribute, this increase is revealed to be com-
scalg. The solid lines are the results from a dc fourpoint measureposed of two power laws, namely, a sublinear increase
ment and the symbols were determined from the ac measurements S, s<1 (dashed ling extending over about eight fre-
of Fig. 1. The dashed lines indicate VRH behavior 16+ 100 K. quency decades and a superlinear power taiw ", n>1
The dash-dotteq line was calculateq with an energy barri_er of 6 dotted ling. Taking into account the mm-wave and FIR re-
mey, as determined from the evaluation of the gap feature in the | ults, the latter seems to extend well up to the low-frequency
region. edge of the phonon region. For low temperatures, values of
s~0.79 andn~1.4 are deduced.

A sublinear power lawg’~v° corresponds to the so-

The plateau value, reached Iy (v) at frequencies be- called “universal dielectric response(lUDR), which was
yond the contact stefe.g., at 16 Hz for 130 K), can be  demonstrated by Jonscf&#to be a universal feature in the
identified by the intrinsic dc conductivitgy.. In Fig. 2,  dielectric response of disordered matter. For conducting ma-
o4((T) determined from the' (v) spectra is shown for both terials, it is commonly ascribed to the hopping of Anderson-
field directions. In addition, the solid line denotes the resultocalized charge carriers. There is a variety of theoretical
of the dc four-point measurement wital a, revealing a approaches that deduce this behavior from the microscopic
reasonable agreement withy. from the ac measurement. transport mechanisms, involving hopping over or tunneling
Both an Arrhenius plot and a representation that should linthrough an energy barrier, separating different localized
earize the data for a behavier ~exp(—To/T)** are given.  sites®® A value ofs~0.8, as found here for LaTiat 6 K, is
The latter is predicted for variable range hoppif\RH),  typical for the ac response of the VRH thedfy’ and thus
involving the phonon-assisted tunneling of Anderson-the ac results are in good accord with the VRH behavior
localized electrons or hol€S Obviously, the dc conductivity revealed by the dc conductivitiFig. 2). A prerequisite for
of LaTiO; does not exhibit a simple thermally activated be- Anderson localization is the presence of disorder, as prevail-
havior over any significant temperature range. Aing, e.g., in amorphous or doped semiconductors. Obviously,
temperature-dependent scattering, e.g., at spin fluctuations pure, single-crystalline LaTiQ marginal disorder, e.g., a
when approaching the antiferromagnetic transition, can belight off-stoichiometry of the oxygen content or impurities
suspected to cause this behaviorTAt=146 K (indicated by  at a ppm level, suffices to localize the charge carriers, so that
arrows, oq4c(T) exhibits a point of inflection. As already the UDR and VRH can be observed. Also for other undoped
speculated in Ref. 16, this anomaly may be attributed taransition-metal oxides, e.g., L@uO, (Ref. 26 or
orbital fluctuations in the vicinity of a structural anomaly LaMnO;,?’ the presence of Anderson localization was re-
accompanying the magnetic orderTgj. At T<100K, the vealed by ac-conductivity measurements. Via the KK trans-
straight dashed lines demonstrate that the VRH of Andersorformation and the relatios’ ~¢”/v the UDR can be de-
localized charge carriers dominates the charge transport duced to contribute also to the frequency-dependent
low temperatures. We obtain values d%=1.0<10° K  dielectric constant, namely, with a tersi~ 5~ (Ref. 34.
(Ella) andT,=8.6x10" K (EL a), which is of similar mag-  The dashed line in Fig.(b) shows the intrinsic part of the fit
nitude to what is observed in various other transition-metabf the 130-K curve. It includes the UDR contribution and the
oxides?”**%" Interestingly, o4, for the two field directions dielectric constant from ionic and electronic polarization pro-
shows a considerable anisotropy, which changes sign ajessegSec. Il D). Obviously, the onset of the steplike in-
about 60 K (1000F~17). In Ref. 16, from x-ray diffraction crease ot’(v) towards low frequencies is dominated by the
and thermal-expansion measurements, it was deduced thatiitrinsic contribution from charge carrier hopping.
the orthorhombic structure of LaTiQhe lattice parametex The origin of the superlinear power la&8LPL), observed
is larger thanb and c/v2 at all temperature¥ <300 K. It  at frequencies beyond the UDR regime and bridging the gap
was assumed that the detected enlargement of this differen¢e the IR region, is unknown up to now. In Ref. 40, it is

B. dc conductivity
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proposed that this contribution may be a universal feature ofhe electronic contribution is expected to become large on
all disordered matter, and indeed it is observed for such difthe approach of the insulator-metal transition from the insu-
ferent classes of materials as doped semiconduttdf$! lating side*® The observed anisotropy then could indicate
supercooled liquid4? and ionic conductor®® It should be that LaTiQ; is closer to the insulator-metal transition for
noted that the observed SLPL would be difficult to explain inElla, in accord with the higher dc conductivity for this field
terms of photon-assisted hopping, which was recently indirection (Fig. 2). However, overall it seems unlikely that,
voked for the explanation of the approximately linear or evenwhile ¢, for EL a is almost completely determined by ionic
quadratic frequency dependenceodfv), observed in vari- polarization, the increase af,, for Ella should arise from
ous semiconductors at low temperatures and higlelectronic polarization, which would imply that electronic
frequencied? A transition from phonon- to photon-assisted polarization plays a significant role f&la only.

hopping should occur fonv>kgT, a condition that clearly At this point it seems appropriate to make some funda-
is not fulfilled for most of the regions where the SLPL is mental remarks on the coexistence of polar and magnetic
observed in the present work. order?” Compounds with an empty shell, e.g., BaTiQ

As seen in Fig. (@), at the higher temperatures it is dif- (Ti**:d° reveal polar order and of course exhibit no long-
ficult to separate the UDR and SLPL contributionsitdv), range magnetic order. Compounds with a partly filled
a fact that prevents a precise determination of the UDR exshell, e.g., LaTiQ (Ti®*:d") reveal magnetic but no polar
ponents. However, even at 130 K, it is not possible to de- order. Obviously the partly filledd-orbitals hamper the
scribe the very smooth transition from the dc plateau to th&trong static or dynamic ionic polarization effects that often
SLPL without invoking an UDR contribution. This was drive polar order. However, the remaining strong anisotropy
checked by omitting the UDR in the fit performed for this in the polarization effects, as observed in LaJi@ust
temperature, which led to an unsatisfactory description of thetrictly be correlated with the occupancy of the orbitals and
transition region. At higher temperatures, missing data in thehe orbital order.
transition region do not allow for a conclusion on the pres-
ence of a UDR contribution. As mentioned, the SLPL ex-
tends well to the phonon modes. Thus, there is no indication E. Phonon modes
of a Drude contribution of free charge carriers, in contrastto |n cubic perovskitesABO;, there are three IR-active
the assumptions in some earlier works>?* The SLPL  phonon modes: With increasing frequency the external,
found is of high relevance for the low-frequency extrapola-bending, and stretching modes successively appear in the
tion of the IR-reflection data, that are necessary for the calspectra. They are ascribed to the vibration of B@; octa-
culation of the conductivity via the KK transformation. Ob- hedra against tha ions, the bending of the Ti-O bond angle,
viously, the standard extrapolations often employed, namelyand the variation of th&-O bond length, respectively. For
a constant extrapolation or an extrapolation assuming thgn orthorhombically distorted perovskite, like LaTiCfactor
Hagen-Rubens limit, are not valid, at least in the case ofroup analysis predicts a splitting of each of these modes
LaTiO3. In the present work, the SLPL was used instead. nto five IR-active modes and the appearance of four addi-
tional bending modes, which are inactive in the cubic
case'®* In addition, six new modes should arise in the IR
spectra due to the orthorhombic distortion, making a total of

In Fig. 1(b), at the high-frequency plateau ef (v) an 25 |R-active phonons. As LaTids quite close to cubic, the
intrinsic e’ of e..=20 (+2) can be read off foELa.* This  splitting of the cubic modes and the amplitude of the new
value matches reasonably with the results from the mm-waveodes can be expected to be weak and indeed in earlier
experiment at 145 GHz and with the value read off at theworks only few of the expected 25 modes could be
low-frequency edge of the FIR spectrum. Interestingly, forresolved®'%21?2 The only work providing temperature-
Ella a significantly higher value of . =44 (+2) is observed dependent data in the FIR region to our knowledge is Ref. 6,
(inset of Fig. 1. In this region, contact effects, orientational but unfortunately the authors do not provide any analysis of
polarization, and charge transport no longer contribute’to  the observed phonon mod@s.
and its value is determined by the ionic and electronic polar- Figure 3 shows the FIR results of the present work with
izability only. The measured IR spectrum ef for Ela Fig. 3(a) presenting the reflectance spectra for three selected
allows for a separation of both contributions: In Figh)l ~ temperatures. A large number of different modes with a sig-
e'(v) is seen to drop from 20 to a value of about 2 in thenificant temperature dependence of their amplitudes and fre-
phonon region thus revealing the almost completely ioniaquency positions can be discerned. In Fi¢c)3he conduc-
origin of the observed... Concerning the observed anisot- tivity at 6 K, obtained fromR via a KK transformation, is
ropy, it most likely arises due to a higher ionic polarizability shown. Comparing Figs.(8 and 3c) it becomes obvious
of the titanium ion alon@. In Ref. 17, an elongation of the that the mode position and relative amplitude, estimated
basal plane of the Tipoctahedra along was deduced from from the R representation, can be misleading. For example
diffraction measurements and assumed to imply a ferrodisthe modes around 400 ¢rhappear strong in thR represen-
tortive orbital order. Thus a higher polarizability in the an- tation but reveal a low amplitude in the representation.
isotropically deformed octahedron along tlae direction  However, one has to be aware that the KK transformation
would be expected. On the other hand, a strong electronican introduce some uncertainty into the conductivity spectra
contribution to highek,, for Ella cannot be fully excluded. and often it may be preferable to analyze the raw reflectance

D. Dielectric constant due to ionic and electronic polarization
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T T T p TABLE |. Resonance frequencieg and amplitudes\e from a

a g\h! fit of the reflectance in the phonon region using a sum of Lorentz
J%& oscillators for 6 and 300 K.
o 0.5 [
i i f‘ 6 K 300 K
f’f vo (cm™ 1) Ae vy (cm™ 1) Ae
0.0 % 123.5 0.33 120.5 0.28
T 169.0 2.41 166.5 2.27
178.6 3.12 175.8 341
195.0 0.68 1915 0.37
o 0.5 248.4 0.21 2445 0.11
264.1 0.03 2555 0.02
305.6 0.06 301.5 0.09
316.1 0.46 314.9 0.55
0.0 348.4 3.07 343.9 3.26
368.2 0.76 375.5 1.31
T 100 384.3 0.14 4215 0.15
g 388.0 0.08 506.5 0.01
"_C} - 419.0 0.35 549.5 1.36
~ 429.2 0.01
© 467.7 0.09
0 ! : L . 502.1 0.04
100 300 ; 500 700 552 9 116
v(cm)

FIG. 3. (Color online Frequency-dependent reflectiv(tya) and . . .
L I : : to the external, bending, and stretching modes of the cubic
f LaTi h f ph - . ! ! . . . .
(b)] and conductivitc) of LaTiOs in the region of phonon excita case, split due to the orthorhombic lattice distortion. In

tions. Frame(a) shows the spectra for three selected temperatures; . :
in (b) a fit is shown(solid line) using the sum of 17 Lorentz oscil- agreement with Ref. 22, the center group at 340 tiseems

lators, and in(c) the conductivity at 6 K, deduced from a kK (0 be split into a larger number of submodes than those at
transformation is presented. 170 and 540 cm?, as it is indeed expected for a bending
mode?® In Fig. 3(b) a fit of the reflectance spectrurh@K is
data. The obtained absolute values of the conductivity in thehown, using the sum of several Lorentz oscillators. At 6 K,
phonon region are smaller than those reported imat least 17 oscillators are necessary to achieve a reasonable
literature®®** e.g., in Ref. 9 peak values of about fit of the experimental data. At high temperatures the number
250Q tcm ! were reported, compared to about of Lorentz functions was reduced, reaching 13 at room tem-
1500 tcm™! in the present worKFig. 3(c)]. Certainly perature, as here the modes become broadened and some of
some uncertainties in the absolute values may be introducetie smaller peaks are no longer resolved. In Ref. 21, nine
by the KK transformation and in addition the backgroundseparate modes could be discerned, while in other works
correction performed in the present experime(8gc. 1) only the three main modes of the cubic case were
may lead to somewhat more precise reflection data. In addianalyzed:®?? Table | denotes the resonance frequencigs
tion, the detailed investigations of Ref. 9 revealed a veryand amplitudesAe as resulting from the fits fo6 K and
sensitive dependence of the optical conductivity on oxygemoom temperature. While the fit in Fig(k3 looks reasonable,
stoichiometry, both in the phonon region and at higher fresome details of the experimental spectrum are not quite re-
guencies, with the oxygen content closest to unity leading tgroduced.
the smallest values of’. Thus, as the sample used in the This drawback may be overcome by using more oscilla-
present work was very close to ideal stoichiometry, the obtors in the fits, but already with 17 oscillators the problem
served discrepancy of the absolute values may be ascribedises that the parameters are correlated to some extent. The
mainly to this effect. This is corroborated by the fact that, inmain aim of the FIR investigations of the present work is the
contrast to the present results, the reflection spectra of Refsearch for possible small anomalies in the temperature de-
6 and 21 exhibit a background contribution in the phononpendence of the phonon modes, giving hints of a possible
region, increasing strongly towards low frequencies. This isstructural phase transition. The aforementioned correlation of
indicative of a relatively strong charge carrier contribution, parameters, together with the uncertainties due to the KK
which may be introduced by hole doping due to oxygen off-transformation, renders it difficult to gain such information
stoichiometry. Via a KK transformation this contribution from the fits. That is, these problems reduce the precision of
then leads to a significantly enhanced conductivity. the parameters to an extent that the small changes at a pos-
The phonon modes observed in Fig. 3 can be roughhgible phase transition may not be caught. Thus it seems most
divided into three groups centered at about 170, 340, andppropriate to perform a direct inspection of the raw reflec-
540 cm L. In accord with earlier work®??we ascribe them tion and conductivity data for such anomalies. One example
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330 340 350 360 370 350 375 400 425
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FIG. 4. (Color onling Frequency-dependent conductivity of £ 5 (Color onling Frequency-dependent reflectivity of

LaTiO, around the phonon mode at 340 chfor selected tempera- LaTiO; at the group of phonon modes around 400 ¢rfor various
tures. The inset shows the temperature-dependence of the peak Rgfnperatures.

sition v, with the lines indicating a change of characteristics close

toTy.
N constanta andb at Ty, found in Ref. 16, can be interpreted

as an increase of the orthorhombic distortion, whichTat
<Ty gives rise to an increase of the amplitude of modes,
invisible in the less distorted case Bt Ty .

is given in Fig. 4, where a detailed view of the mode at
340 cm ! is given for various temperaturéfor clarity rea-
sons, spectra are shown only for selected temperaturhe
inset shows the temperature-dependent frequency of the peak

maximum,v,, read off from thes' (v) curves. While at low F. Electronic excitations
temperatures, up to about 150 ¥ is effectively constant, at
higher temperatures a significant shift towards lower fre-
quencies is observed. A similar characteristic is revealed by Figure 6 shows the conductivity at the highest frequencies
the peaks close to 175, 195, and 535 ¢nfnot shown with investigated, including the last phonon mode. At frequencies
the transition from constant to temperature-depenagfif)  beyond the phononic contributions, (v) exhibits the typi-
always lying in the range of 110—150 K. One may speculateécal signature of an electronic excitation across an energy gap.
that this behavior mirrors the fact, that the lattice constantd hat is, after dropping to very low values, below the detec-
are near]y constant at<100 K, butb increases consider- tion limit, it shows a steep increase with an onset close to
able atT>150 K, botha and b exhibiting a smeared-out 700 cni *, followed by a saturation above about 3000 cm
anomaly close t@ .6 Then the variation of the orthorhom- In accord with previous interpretatiofis,® this gaplike fea-

bic lattice distortion at high temperatures, inducing a variature can be ascribed to a transition between the lower and
tion of splitting of the cubic modes, may lead to the observed!Pper Hubbard bands in the typical Mott-Hubbard insulator
shift of the phonon frequencies @t>Ty. This implies that LaTiOs. The inset of Fig. 6 shows the results of Fujishima
the modes at 175, 195, 340, and 535 ¢dmwhich show €t al,> which extend beyond the highest frequencies investi-
evidence of this anomaly, belong to the split cubic modesdated in the present wortconcerning the higher absolute
which seems reasonau]eompare F|g 8:)] However, one values of the CondUCtiVity detected in this and other
should be aware that anharmonic effects would lead to quite

1. Dynamic conductivity

a similar temperature dependence of phonon modes, namely, T atio. "
an increase o, towards lower temperatures and a satura- - S /
tion at low temperatures. [ g ——300K 2 1

Figure 5 demonstrates further anomalies of the phonon — 30 SRR ek

modes close td@y that occur around 350—430 ¢rh In this
region Crandle®t al.?! despite a reduced resolution of the
spectra, already found indications for two modes at 380 and
411 cm't, which they considered d,, modes of the cubic
lattice, i.e., additional bending modes becoming IR active in
the orthorhombic case. As the phonon resonances in this re- I
gion have very low amplitudekcf. Fig. 3(c)], in order to Y
avoid any uncertainty due to the KK transformation, in Fig. 5

the reflection raw data are plotted. The spectra reveal the

appearance of two additional peaks at 373 and 424'cm

showing up just at temperatures beloly. This finding FIG. 6. (Color onling Frequency-dependent conductivity of
gives further strong evidence of a structural anomaly accomgaTiO, at frequencies beyond the phonon modes for two tempera-
panying the magnetic phase transitionTatas promoted in  tures. The inset shows the results at room temperature reported by
Refs. 16 and 17. The increase of the difference of latticerujishimaet al. (Ref. 5.

4000 T T
Fujishima et al.

room temp.

o' (Q'cm’

10 H

v (cm™)
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T ! ' ] ing the results up to 2000 cm yields E4=570cm*
~71 meV, a rather small value compared to the Hublard

- I -_'|_a"|'icl)3 / 400
Q
_,g 2000 oo 1 56 that is usually assumed to be of the order of few eV.
ROPA Ay
2 [ | 1
a [400 600 800 1003 2. Energy gap and “soft-edge” behavior
©
X 1000k LA -3?? In the upper inset of Fig. 7, a closer view of the region
'€ sl / close to the gap energy is given for three temperatures, re-
% 3.7;._. ,‘,‘{-_ vealing significant temperature dependence. To investigate
50| A the temperature dependence of the gap, we analyzed the ex-
, N TN | : H b 3/2 H i
0 ; ! ; I . perimental results using’ ~ (v—E4)*“v, which describes
0 1000 4 2000 3000 direct forbidden transition® It is interesting to compare this
v(cm’) frequency dependence of the conductivity derived for optical

G Col i d g ductivity of transitions in conventional semiconductors with predictions
. TFl) : t76 E< olorttog ing Freqtuel_ncy- .ep?;: edntt C.onthucnv't.y 0 for strongly correlated electron systems. In a classical paper
alits ato i, plotied in away fo inearize the cata In € region ot , , ypa gptical energy gap in0s,% a “soft-edge” behavior
the electronic gap excitation for the case of a direct forbidden tranh been reported with' ~(v— E.)32 and has been d
sition. The upper inset demonstrates the extrapolation, performed toas.’b (eje eﬁone K of st (v Ig)t » a ?Sj[ ee S e_.f.
determine the gap energies, for three selected temperatures. Tﬁgﬂ ?t haas akl)e:nm(?'rntg dsor?rt]r?a? tehc r%’;ﬁgrfg acllggsl' dpf?g: -
lower inset shows the temperature-dependent gap energy; the line &Y ! S p_ '_ u 1S - vior ry '_ S
drawn to guide the eye. from the conductivity of a Slater antiferromagnet, which
would produce a conductivity that rises sharply witH?.

works’1%?'at frequencies up to f&m *; see the remarks One should note that f0”‘§%< Eq, (v—Eg)¥v is ap-
in Sec. Il B. They reveal another much stronger excitationproximately equal to ¢—Eg)*“/E,. Thus for frequencies
with an onset at about>810* cm™ !, which was interpreted just above the onset of the interband transition, the conduc-

as a charge-transfer transition between thepDad Ti 3 tivity predicted for an electronically correlated system is
bands>"'9In Refs. 6, 7, 9, and 10, a quantitative evaluationidentical to that for a direct-forbidden transition in a canoni-
of the Mott-Hubbard gap enerdy, was performed by using cal Semiconductor and deviations are expected for higher fre-
a simple linear extrapolation in the’(») plot. Room- duencies only.

temperature values dy= 20 meV® 0.1 eV/*®and 0.2 eV The lower inset of Fig. 7 showsy(T) determined assum-
(Ref. 9 were reported, the variation reflecting uncertaintiesing @ direct forbidden transition using the experimental re-
due to the choice of the section of the spectrum used for thgults below 1000 cm' (see solid lines in the upper inget
extrapolation and possible differences of stoichiometry of thefhe gap energy reveals a significant temperature depen-
samples. Only in Ref. 6 were temperature-dependent meé&lence: On decreasing temperature it decreases from about 65
surements reported for four different temperatures, the gafiieV at room temperature to 45 meV'R§, where it under-
energies varying between about 20 meV at 300 K and 5@oes a steplike increase to a low-temperature value of 55
meV at 20 K. To obtain more precise information on themeV. The increase aty could be understood in terms of the
temperature-dependent gap energies and to use a less afagnetic exchange enerdy which is of the order off .
biguous way of extrapolation, here we analyzed the spectrilowever, the decrease below room temperature can only be
in the gap region within simple models based on Fermi'sunderstood in terms of structural effects, e.g., lattice expan-
golden rule. As noted in textbooRS* assuming parabolic Sion or dynamical Jahn-Teller effects. Hence, the increase of
and three-dimensional bands, the frequency-dependent comy could also be due to structural effects only. In this context
ductivity in the gap region can be calculated. It is predictedwe would like to recall that a structural anomaly has been
to show significantly different characteristics for the cases ofeported to occur afy.*® In their investigation of the Mott-
direct and indirect and for quantum-mechanically allowedHubbard gap in the system ¥ ,TiO5, Okimoto et al.’

and forbidden transitions. That is a plot af'(x »)" with n ~ found a systematic increase Bf with Y content. From cal-
=2, 2/3, 1/2, and 1/3 should linearize for direct allowed, culations using a tight binding model they concluded that
direct forbidden, indirect allowed, and indirect forbidden this behavior is due to a decrease of the one-electron band-
transitions, respectively, and an extrapolation to an ordinatwidth induced by an increase of orthorhombic distortion.
value of zero should allow to read off the gap energy. CheckThus the sudden increase Bf when entering the antiferro-
ing these representations reveals the case of a direct forbighagnetic state, observed in the lower inset of Fig. 7, may
den transition best describing the experimental d3Figure  also be ascribed to the increase of orthorhombicity below
7 shows the corresponding plot for 6 K. The finding of theTy .

forbidden nature of the observed transition is reasonable fol- The measured dc conductivitfig. 2) allows us to clarify
lowing the common notidiT®° that it occurs between the the importance of the observed gap for the charge transport
lower and upper Hubbard bands. Making the assumption than LaTiO;. The dash-dotted line in Fig. 2 indicates a ther-
the transition takes place within thig, band, split by the mally activated behaviorg’ ~exd —Ey/(kgT)] with Ejq
Hubbard energyJ, the selection ruleAl==1 would be =65 meV, the value determined from the optic experiments
broken. However, this argument possibly is too naive forat room temperature. The experimental data close to room
strongly correlated electron systems. A fit to the data analyztemperature indeed can be described in this way, but at lower
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LDA LaTiOa a(_jdi_tion, the quasiparticle peak appearing at the Fermi I_evel
within the LDA+DMFT approach for doped, metallic
Tig, LaTiO; was omitted to account for the nonmetallic state of
Tie undoped LaTiQ.

/\ If we compare this calculated electronic structure with the
N ] - experimental results as shown in Fig. 6, we find that the
\ experimentally observed charge-transfer enexgy8.5 eV is
in good agreement with the calculations. However, it seems
. w almost impossible to derive an experimental value of the
e TN % Coulomb energyJ, as ino’(v) no well-resolved peak is
% ; m . observed corresponding to an excitation from the lower to

8 6 4 2 0 2 4 6 8 the upper Hubbard band. Assuming thats defined by the
E (eV) shoulder ino’(v) close to 3000 cm?, we would end up
with a value ofU of the order 0.5 eV, much too low when

FIG. 8. Highly schematic representation of the density of stategompared to thab initio calculations’® yielding values oU
of LaTiO3, based on the results from theoretical calculations usinthetween 4 and 5 eV. The same problem arises when compar-
the LDA (upper frame and LDA+DMFT approaches(lower ing the experimentally observed g& with the theoretical
frame (Ref. 53. The latter was calculated &at=1000 K for a me- values, which is of the ordeE,=U—W=2 eV, while ex-
tallic system close to the MIT taking only tig, states into account perimentally we observe a ggp well below 0.1 eV, even in
and usjng a cubic structure with thg same volumg as the real Orthq‘iighly stoichiometric LaTiQ, which seems to be the most
T:omb'c Crysg’“l(Ref' 5:.beer§, gor (;nsullatlr!g LaT'@r‘lNe plotted insulating crystal investigated so far. Using the existing mod-
:)eeall(J.pper and lower Hubbard bands, leaving out the quasipartic 8ls, E,<0.1eV can only be ex.plained whem%V\_/. How

can this discrepancy be explained? We note first that the

. . . calculations have been performed for a metallic sample.
temperatures, where according to the optical experiments ﬂ'\glowever we believe that the main parameters, e\gU

energy barrier should decrease, the experimentalT) and W, will not change considerably when moving to the

shows a transition to a steeper slope in t_he Arrhenius pl.oﬁhsulating side of the MIT. A further problem may arise with
thus suggesting an increase of the effective energy bamel{he emptye, bands. Their exact position is unclear and they

However, one has to be aware that for the deduced relat'veskﬁfrobably mix with the upper Hubbard band. Thus electronic

low energy barriers, many more carriers are excited aCI’OO?ansitions from the lower Hubbard band to tkbeband may

the gap thap in usual semiconductors and the ”“mb.ef well contribute to the dynamic conductivity below the charge
charge carriers may not be the sole factor determlnmgiransfer peak
oqc(T). Instead, as speculated in Sec. Il B, temperature- Very receﬁtly new band structure calculatish® have

erendent sca_tterin_g Processes at magnetic or orbital fIlJCtuf?)l'een performed using the real orthorhombic crystal structure
tions, successively increasing on the approach towards of LaTiOs. In LDA+DMFT calculations* the band gap

may explain the observed reduction @f.. Below Ty, the b

. . . fetween the lower and upper Hubbard band now is of the
fluctuations become suppressed, leading to the reduction Brder of 300 meV, much closer to the experimental result. In
slope in the Arrhenius plot and finally, below about 100 K, ’

tunneling processes become the dominant charge transpé‘r AU calculat_|on§55_a band gap within théq multiplett
process 0 S|m|_lar magnltu_de is obtalned.and the splitting .of the
' peaks in the density of states, adjacent to the gap, is of the

order of 300 meV, which may correspond to the shoulder of
the optical conductivity close to 3000 crh (see Fig. 6. A

In recent years a number of calculations of the electronigimilar shoulder has been observed earlier, and interpreted
band structure of LaTi@) have appeareg.g., Refs. 51-53  due to possible small polaron absorpfibor due to extra
Here we focus on the most recent calculations usingathe carriers arising from a slight nonstoichiometry.
initio  computational scheme LDADMFT (LDA: local-
density approximation; DMFT: dynamical mean-field
theory),>® which currently is the most advanced tool for the
theoretical investigation of materials with strong electronic  In the preceding sections, results from extreme broadband
correlations. These calculations, performed for dopediielectric and infrared measurements of Lafji@erformed
LaTiO;, concentrated on doping levels just on the metallicfor various temperatures and two crystallographic directions,
side of the metal-to-insulator transitiofMIT). As pure were presented. For the first time, to our knowledge, a thor-
LaTiOs is close to the MIT we take the characteristic energyough investigation of the dielectric and charge transport
scales from these calculations. The results of the (D@per  properties in the region from dc to GHz frequencies was
frame and LDA+DMFT (lower framg are schematically performed. In the IR region, the phonon modes and their
shown in Fig. 8. Here the electronic densities of state aréemperature dependence were investigated with unprec-
schematically indicated, neglecting all the fine structure an@édented precision and the gaplike feature beyond the last
keeping only the characteristic energies—the charge transf@ghonon mode was analyzed in detail. From these measure-
energyA, the Coulomb repulsiot), and the bandwidths. In  ments, overall a wealth of information on charge transport,

O2p

LDA + DMFT

w

density of states (arb units)

3. Comparison with theoretical predictions

IV. SUMMARY AND CONCLUSIONS

245108-9



P. LUNKENHEIMER et al. PHYSICAL REVIEW B 68, 245108 (2003

dielectric properties, and phase transitions in LaTii®@ The found anisotropy of.. most probably is related to the
gained. orthorhombic distortions, enhancing the ionic polarizability

From the dc results and the IR measurements in the gaplong thea direction.
region, a consistent picture of the charge transport processes From the detailed investigation of the temperature-
in LaTiO; evolves: At temperatures above about 100 K,dependent phonon response, strong indications for a struc-
charge transport is governed by thermally excited charge catural anomaly, accompanying the magnetic transitiofT at
riers that are excited over a rather small energy gap of thare obtained. This notion is further supported by an anomaly
order of 50 meV between lower and upper Mott-Hubbardat Ty found in the temperature-dependent electronic gap en-
band. Due to the small gap value, the temperature depergy, which can be attributed to the increase of the ortho-
dence ofo g, is dominated by temperature-dependent scatterthombic lattice distortion belowl . In addition, the phase
ing processes at magnetic and/or orbital fluctuations that bgransition also influences the dc transport, via an increased
come maximal afl. Below about 100 K, variable range scattering rate, as described above. As promoted already in
hopping, i.e., phonon-assisted tunneling of AndersonRef. 16, these findings speak in favor of orbital order in
localized charge carriers dominates the dc transport. ModtaTiOz below Ty and thus are at variance with the formation
probably they arise from defect states due to impurities oef an orbital liquid state.
lattice defects. In full accord with these findings, also the ac Finally, from the optical conductivity we deduce a band
conductivity shows the clear signature of hopping conducgap of the order of 50 meV at low temperatures, revealing a
tion of Anderson-localized charge carriers. Depending orsignificant temperature dependence. In recent band structure
temperature, in the region from 10 MHz up to IR frequen-calculation**® a band gap of the order of 300 meV was
cies, a superlinear power law is observed, which seems to lsterived. From a detailed analysis we conclude that the tran-
a universal feature of all disordered maftfeand is important ~ sition is direct and forbidden. Close to the gap energy this
for the low-frequency extrapolation of the IR data. The dcfrequency dependence is identical to the soft-edge behavior,
conductivity shows a considerable anisotropy up to nearly dédentified in \,O; (Ref. 30 and indicative for strong elec-
decade, which changes sign close to the transition from theiron correlations. A shoulder, observed in the optical conduc-
mally activated band conduction to tunneling transport. Ittivity close to 3000 cm*, could well be due to the splitting
can be understood taking into account the anisotropy induceof the t,; multiplett.
by the orthorhombic lattice distortion.

The intrinsic dielectric constant of LaTiOwas deter-
mined ase.,~20 for EL a ande.,~44 for Ella. These val-
ues are relatively high when compared with conventional We are grateful to T. Kopp, Th. Pruschke, and D. Voll-
semiconductors, but certainly do not indicate any ferroelechardt for stimulating discussions. This work was partly sup-
tric correlations. From the FIR results it is concluded that theported by the BMBF via VDI/EKM 13N6917 and 13N6918
£,~20 for EL a is almost completely due to ionic polariza- and by the Deutsche Forschungsgemeinschaft via the
tion, and any electronic contributions are nearly negligible. Sonderforschungsbereich SFB 4@dugsburg.
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