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The absolute reflectance of LaTiO; was measured from 70 to 17500 cm L.

The Kramers-Kronig-

derived optical conductivity shows three sharp phonon structures near 170, 340, and 540 cm ™! that are
explained by a factor-group analysis. The midinfrared spectrum is dominated by a broad absorption

band with an onset near 600 cm ™!

. A comparison of reflectance and resistivity measurements indicates

that the dc mobility is less than 3 cm?/V s at 300 K, and thus the carriers are somewhat localized.

I. INTRODUCTION

LaTiO; is a member of the isostructural series of com-
pounds R TiO; where R is a rare-earth element. The elec-
trons associated with the Ti*' ion in these compounds
can be either localized as in GdTiO; or apparently
itinerant as in LaTiO,.!

Early work?>™® suggested that LaTiO; undergoes a
metal-insulator transition near 130 K. Above the transi-
tion temperature the resistivity increases with tempera-
ture in a metallic fashion and LaTiO; shows a
temperature-independent magnetic susceptibility. Below
the transition temperature the resistivity is semiconduc-
torlike, and LaTiO; orders antiferromagnetically. Recent
experiments on the LaTiO, system have indicated that
the electrical and magnetic properties are highly sensitive
to oxygen stoichiometry.®’

LaTiO; has a nonempty 3d band, and recent band-
structure calculations, assuming a cubic perovskite struc-
ture, predict metallic behavior.® However, as the dc con-
ductivity of LaTiO; is below the Mott minimum’
(=150 Q@ 'cm™!) at all temperatures, the nature of the
conduction mechanism is unclear. Oxides have long been
studied for their wide range in dc conductivities, often
inexplicable in terms of one-electron band models.!%~1?
Optical measurements have provided much insight into
the transport and electronic properties of these curious
materials. For example, absorption measurements estab-
lished polaronic conduction Ti02,13’14 while reflectivity
measurements established'>!® the magnitude of the gap
which opened up at the Fermi surface during the metal-
insulator transition in VO,. More recently, the evolution
of the optical conductivity in the copper oxides, from the
undoped antiferromagnetic insulating phase to the
moderately doped superconducting phase, has been estab-
lished.!”-18

In this paper, reflectance measurements are presented
for a well-characterized sample of LaTiO; and various
explanations for the optical and transport properties are
considered.

4_4

II. SAMPLE CHARACTERIZATION

Single crystals were prepared by melting LaTiO,
in an open molybdenum crucible under argon using
rf heating. The sample studied had stoichiometry
Lag 9g+0.04T103 0340.05s as determined by neutron activa-
tion and thermogravimetric analyses. The lattice con-
stants of the sample were 5.6204(6), 5.6035(7), and
7.911(1) A determined using a Guinier camera, and are in
reasonable agreement with previous neutron-diffraction
data.!” The reflectance, magnetization, and resistivity
measurements to be reported below were all made on the
same crystal.

Magnetization measurements performed on a SQUID
magnetometer are shown in Fig. 1. The sample was
cooled to 5 K in zero field. The field was then increased
to 10 kG where the magnetization was almost saturated.
Finally, the field was reduced to zero and the moment
measured as the sample warmed. The same behavior is
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FIG. 1. Magnetization of LaTiO; vs temperature obtained on

a SQUID magnetometer. The sample was cooled in zero field,

the saturation magnetization established in a 10-kG field, and
finally the magnetization measured by warming in zero field.
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FIG. 2. Comparison of measured resistivity vs temperature
with the predictions of narrow-band-semiconductor model [Eq.
@)].

observed as reported previously where the small fer-
romagnetic moment seen in Fig. 1 is due to canting of ad-
jacent spins.!?>

Resistivity measurements, made with silver paint con-
tacts in the Van de Pauw configuration, showed the
change from metallic to insulating behavior near 175 K
as seen in Fig. 2.

III. RESULTS

The reflectance of LaTiO; was obtained at 300 K using
Fourier-transform spectroscopy for frequencies between
70 and 5500 cm ™! on a mechanically polished crystal.
The reflectance at higher frequencies (up to 17 500 cm™!)
was measured by grating spectroscopy. To measure the
absolute reflectance correctly, the effect of surface rough-
ness must be eliminated. After measuring the reflectance
of the sample versus a stainless-steel reference, a gold film
was evaporated onto the sample in situ and the
reflectance remeasured. The absolute reflectance is given
by the ratio of these two measurements multiplied by the
well-known reflectance of gold.?°
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FIG. 3. Absolute reflectance of LaTiO; vs frequency at 300
K.
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FIG. 4. Real optical conductivity vs frequency derived by
Kramers-Kronig transformation of the reflectance.

Sample reflectance spectra are shown in Fig. 3. Note
the three prominent groups of phonons near 170, 340,
and 520 cm™! and the nonzero reflectance above the
highest optical-phonon frequency near 600 cm ™.

Kramers-Kronig analysis was used to obtain o(w) and
the results are shown in Fig. 4. A low-frequency Drude
extrapolation was used which was consistent with both
the measured dc resistivity (=24 mQcm) and the
reflectance data. Different high-frequency extrapolations
were used to estimate the uncertainty in the Kramers-
Kronig analysis. The same results were obtained using
either a constant reflectivity or the high-frequency
reflectance of SrTiO; as measured by Cardona.?! Note
that no zero-frequency Drude absorption is resolved, al-
though at low frequencies o (w) tends toward the dc value
of =42 Q 'cm™!, as indicated in Fig. 5. The optical
conductivity shows considerable structure: three groups
of phonons near 170, 340, and 520 cm ™! and the onset of

a broad absorption near 600 cm ™!,
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FIG. 5. Expanded view of the low-frequency optical conduc-
tivity of LaTiO; showing phonon structure. is the least-
squares fit of Eq. (1) to the experimental data (+ <+ +). The
fitting parameters appear in Table I. The dc conductivity is in-
dicated by A in the diagram.
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1V. DISCUSSION

A. Phonons

One can explain the phonon features in o(w) by using
the factor group analysis of Couzi and Huong,?? who
considered both the ideal cubic perovskite structure and
orthorhombically distorted GdFeO;, which has the same
structure as LaTiO;. The cubic perovskites have 12
optical-phonon  branches, three triply degenerate
infrared-active F, branches, and one infrared-inactive
F,, branch. Orthorhombically distorted LaTiO; with
four formula units per unit cell has 57 optical modes.
According to Couzi and Huong, the orthorhombic distor-
tion causes a 12-fold splitting of each F,, mode, five of
which are infrared active. There is also a 12-fold splitting
of the F,, mode; however, only four of these become ir
active. Finally the orthorhombic distortion produces
nine new modes (34, +2B,,+2B,,+2B,,) for a max-
imum of 28 infrared active modes.

Figure 5 is an expanded view of the low-frequency

o(w) of LaTiO;. One can resolve a peak at 169 cm ™},

three peaks near 340 cm ™!, three peaks near 530 cm™ L
and shoulders at 245 and 411 cm™!. A least-squares fit of
of o(w) to the following formula (a set of nine Lorentzian
oscillators plus a three-term polynomial background)

converged to the parameters listed in Table I:

2
ol';0p;

9
olw)=a+bo+co?+-2 > (1)

60 £\ (0} —0?)?+T%?

In Eq. (1), 0(®) is in Q' cm ™! while the phonon posi-
tion (w,;), width (I';), and strength (w,;) are in cm !,
One interpretation of the spectrum is for the three
strongest peaks to derive from the F;, modes of the cubic
lattice and the weak peaks near 245 and 411 cm™! to
derive from either the F,, mode or the acoustic mode of
the cubic lattice. This is the assignment suggested by
Couzi and Huong for their infrared transmission mea-
surements?? performed on the rare-earth (R) orthochrom-
ites (RCrO;). Broad absorption bands were observed
near 200, 400, and 580 cm ™! in all the members of the
series. A mode near 380 cm ™! becomes stronger in the
heavier, more distorted members of the series and Couzi

TABLE 1. Parameters of least-squares fit of Eq. (1) to the
low-frequency optical conductivity of LaTiO;. The polynomial
background is 40+0.1140+9.47 X 10 %w?. All frequencies and

dampings are in cm ™.

i Wo; T @,
1 169.4 233 636
2 245.3 15.5 136
3 314.9 48.7 542
4 341.8 26.4 829
5 377.3 26.4 300
6 410.7 59.7 374
7 503.7 224 190
8 522.9 51.4 427
9 556.9 57.8 654
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and Huong maintain that this mode is related to the F,,
mode of the cubic structure.

Very-low-frequency optical modes have been observed
in SrTiO; and BaTiO;. The F;, modes have been ob-
served?® in cubic SrTiO; at 88, 176, and 544 cm ! and in
BaTiO at 34, 180, and 500 cm ™~ !. The possibility of a
mode below 70 cm ™! that is not observed in the present
measurements leads one to a second interpretation of the
spectra. In this case the cluster of modes near 340 cm ™!
derives instead from the F,, mode of the cubic lattice
and the shoulders near 220 and 420 cm™! derive from
acoustic modes in the cubic lattice. In either case it is
likely that the modes near 170 and 520 cm ! derive from
the F, modes of the cubic lattice which correspond to
vibrations where the La ion moves against the TiOq oc-
tahedra and an internal vibration of the TiOg octahedra,
respectively.

Clearly, measurements on other rare-earth titanates
would help with the mode assignments. The orthorhom-
bic distortion increases in heavier members of the series.
The mode deriving from the F,, should increase its opti-
cal activity, and the fivefold splittings of the three main
modes should become more pronounced allowing for a
definite assignment.

B. Carrier absorption and the midinfrared band

The optical and transport properties are intimately re-
lated and should be explained self-consistently. Any
model should be able to explain the midinfrared band in
o(w) and the change from insulating to metallic behavior
observed in resistivity.

It is instructive to compare the measured low frequen-
cy o(w) with the Drude model. The comparison shows
that the electrons are somewhat localized. The contribu-
tion of free carriers to the optical conductivity is given by
Eq. (2):

= 2
o(w) PR (2)

The scattering rate I' is fixed by the dc conductivity
0 4. and the carrier density by the following relation:

O4c= 4 (3)

where n is the carrier concentration, e is the electron
charge, and m is the band mass. Equation (2) is com-
pared with the measured o(w) in Fig. 6 for three different
carrier densities. A dc conductivity of 42 O !cm ™! was
taken from the resistivity measurements (Fig. 2) and it
was assumed that m =10, which is reasonable since it is
believed that the metallic properties of LaTiO; are associ-
ated with electrons coming from Ti orbitals.! Note that
assuming n >>10% cm™? yields the constant o(@)~04,
for frequencies below 200 cm~!. Equation (2) only comes
close to agreeing with the measured spectrum for concen-
trations greater than approximately 10%° cm 3. What
this means, however, is that the carrier mobility (e /mT)
is less than or equal to 3 cm?/Vs. In addition to the
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FIG. 6. Comparison of low-frequency optical conductivity
with the Drude model [Eq. (2)]. The extrapolations assume a dc
conductivity of 42 Q" 'cm™! and an effective mass of 10.
I'=3.57, 35.7, and 357 cm ™! for carrier densities 10'%, 10'°, and
10%° cm ™3 respectively. Carrier densities of 10*' and 10?2 cm ™3
would produce o(w)=~ 04 for frequencies below 200 cm™!. The
figure suggests a lower limit on the carrier concentration at ap-
proximately 10%° cm 3.

midinfrared absorption band and the resistivity
minimum, any model should account for the low carrier
mobility in LaTiO;.

In an overly simple narrow-band semiconductor mod-
el, the dc conductivity would be given by?*

o xl/de
o exp[(x —&)]+1"°

where C is a constant and {=E, /2kT. The midinfrared
band of Fig. 4 could indicate a band gap (E,) approxi-
mately equal to 550 cm™!. This formula assumes
acoustic-phonon scattering, and equal electron and hole
band masses, and is compared to the measured resistivity
data (1/0) in Fig. 2. This model cannot reproduce the
observed resistivity minimum, even if other scattering
mechanisms are included. In addition, typical semicon-
ductors usually have higher mobilities (e.g., the room-
temperature electron mobilities of Si and GaP are 1500
and 110 cm?/V s, respectively?®).

Polarons have been considered in other oxides (e.g.,
TiO,, BaTiO;, and SrTiO,) with equally low mobilities.'!
A small polaron model?® has been tried and can repro-
duce the resistivity minimum assuming constant carrier
density and a small activation energy (15 meV). The opti-
cal conductivity spectrum of small polarons has a broad
peak at nonzero frequency which some workers have
claimed to have observed in reduced TiO, near 0.8 eV.!?
Conceivably, the broad midinfrared absorption seen in

_Fig. 4 could also be a small polaron absorption band, but
more work must be done to establish the correspondence.
Specifically, the peak should scale with the dc conductivi-
ty which would require a measurement of the o(w) of
various samples with different oxygen stoichiometries.
Second, the band should exhibit the strong temperature
dependence predicted by the theory.?’

o(T)=C (4)
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Note that in the sample studied, the broad resistivity
minimum does not coincide with the magnetic transition.
This is in contrast to previous measurements,” where
both occurred at 125 K. Stoichiometric differences are
obviously playing an important role, but one might con-
clude that the change from metallic to insulating behav-
ior is not caused by antiferromagnetic ordering as had
been previously suggested.? The work of Lichtenberg
et al. suggests the resistivity minimum is characteristic
only of oxidized material® and is not intrinsic to LaTiO,.
Rare-earth vacancies to which the rare-earth transition
metal perovskites are susceptible’ were not mentioned in
this paper and more work should be done on the phase
diagram of LaTiO, before concluding what is intrinsic to
LaTiO,;. Temperature-induced metal-insulator transi-
tions accompanied by small but abrupt changes in crystal
structure have recently been observed in PrNiO; and
NdNiO;, which share the same orthorhombically distort-
ed perovskite structure as LaTiO;.® In LaTiO,, no
structural anomalies have been observed at temperatures
near the resistivity minimum.'®

V. CONCLUSIONS

Although a satisfactory theory that could explain the
optical and transport properties self-consistently has not
been found, the present measurements have established
that the carriers in LaTiO; are somewhat localized. This
is consistent with the magnetic ordering which occurs
below 125 K.

Recently Torrance et al.'° have shown that the model
of Zaanen, Sawatsky, and Allen?® (ZSA) can successfully
explain the wide range of dc conductivities observed in
simple and perovskite related metallic oxides. In this
model, there are two relevant energies: A, the charge-
transfer gap between filled oxygen orbitals and the lowest
unoccupied metallic d state; and U’, the energy separat-
ing the first unoccupied d state from the highest occupied
d state. (U’ is not always the Hubbard U.) Metallic be-
havior can result when either of the two gaps approaches
zero. In their calculations, Torrance et al. show that for
LaTiO; A is large, but U’ lies right on the boundary
separating insulating high-U materials from metallic
low-U materials; in the ZSA scheme, LaTiO; is on the
verge of being a low-U metal. The optical and transport
measurements reported above support this view of
LaTiO; as a barely metallic material.
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