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Metallicity in LaTiO5 thin films induced by lattice deformation
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Orthorhombic bulk LaTiOj is a correlated Mott insulator whose delicate antiferromagnetic insulating ground
state can be easily destroyed by cation vacancies, excess oxygen, or alkaline-earth dopants, resulting in
metallicity. Here we show that metallic conduction can also be realized in epitaxial LaTiOj5 thin films on (001)
SrTiO5 substrates, while films grown on (110) DyScOz and GdScO; substrates are insulating. These results
illustrate the sensitivity of electrical transport to lattice effects and demonstrate the tunability of correlated
oxide thin-film properties via substrate-induced deformation.
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Metal-insulator transitions have been extensively studied
in an effort to understand the mechanism(s) underlying the
localization of carriers in a wide range of correlated materi-
als. Electron correlation plays a critical role in complex
oxides, including colossal magnetoresistive materials and
high-T superconductors. The Mott insulator LaTiO5 has re-
ceived renewed interest in light of the recent discovery of
metallicity in  (001)  perovskite  LaTiO;/SrTiO;
superlattices.!> At the LaTiO;/SrTiO; Mott insulator/band
insulator heterointerface, localized electrons from the corre-
lated Mott insulator are thought to be transferred into the
band insulator, creating a confined channel where the carriers
can become mobile.'~3

In addition to charge transfer at the interface, lattice dis-
tortions need to be taken into consideration in such oxide
heterostructures. More recently, a dynamical mean-field
model of LaTiO5/SrTiO5 superlattices predicts metallicity in
tetragonally strained LaTiO; due to a change in sign and
decrease in magnitude of the crystal-field splitting of 1,,
bands compared to bulk orthorhombic LaTiO;.° While this
model assumes ideal tetragonal distortions without any tilt-
ing or rotation of the oxygen octahedra, it illustrates the sen-
sitivity of LaTiO;5 to structural distortions as well as high-
lights the prospects in manipulating electronic properties of
related materials through lattice deformation.

In this Rapid Communication, we show that lattice distor-
tions in LaTiOs, s (LTO) thin films that are coherently grown
on lattice-mismatched SrTiO; (STO) substrates give rise to
metallic conductance that scales with film thickness. In con-
trast, LTO films grown under identical growth conditions but
under smaller in-plane (IP) compressive epitaxial strain on
DyScO; (DSO) and GdScO; (GSO) substrates are insulating.
From our studies, we conclude that the effects of lattice de-
formation must be carefully considered in conjunction with
interfacial phenomena in order to explain the recent novel
electrical transport behavior found in LTO/STO heterostruc-
tures.

Bulk LaTiOj; is a Mott insulator that has a GdFeO; ortho-
rhombic structure.!® It is on the verge of a metal-insulator
transition with a small optical band gap of ~0.1 eV.!! The
effects of chemical doping!>'® and hydrostatic pressure'?
have been investigated extensively in bulk LTO in order to
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study the roles of electronic bandwidth and band filling. Me-
tallicity in LTO can be induced by cation vacancies, excess
oxygen, or alkaline-earth doping of the rare-earth site.!”"!3
There have been thin-film studies of LTO (Refs. 19-21) and
Sr-doped LTO,? but the effects of structural distortions due
to epitaxial strain on the transport properties have not been
examined experimentally.

LTO films were deposited by pulsed-laser deposition from
a powder-pressed La,Ti,0, target onto cubic (001) STO sub-
strates with a lattice parameter of 3.905 A as well as ortho-
rhombic (110) GdScO; and DyScO; substrates, with
pseudocubic lattice parameters of 3.968 and 3.942 A, re-
spectively. The bulk average pseudocubic lattice parameter
of LTO is ~3.97 A.'® In this Rapid Communication, we will
use pseudocubic indices for plane and direction notation. The
films were grown in vacuum of ~5X 107 Torr, at 625 °C,
with a 248 nm KrF excimer laser operating at 3 Hz, and
~1.4 J/cm? laser fluence. Ohtomo et al. found that pulsed-
laser deposition can stabilize the more reduced stoichio-
metric LaTiO; phase starting from an oxygen-rich La,Ti,O,
target, the more readily achievable bulk stoichiometry.!”
Rutherford backscattering spectroscopy (RBS) verified the
1:1 stoichiometric ratio of La to Ti cations, to within the
error of measurement, and also determined that the thickness
of the different films range from 15 to 45 nm. Atomic force
microscopy images of the LTO films on all three substrates
showed atomically smooth surfaces.

Figure 1(a) is a high-resolution cross-sectional transmis-
sion electron microscopy (TEM) image of a LTO film on a
STO substrate (LTO/STO) at the film/substrate interface,
showing epitaxial film growth. Epitaxial growth is further
confirmed by the Fourier transform of the image, indicating
that the film is single phase and isostructural to the substrate.
Upon taking numerous images at different locations and
magnifications on the sample, we have not observed any in-
dication of the oxygen-rich La,Ti,O phase, whose structure
in bulk?® and thin-film'>?* form have been reported in pre-
vious TEM studies. Therefore, we expect our samples to be
nearly stoichiometric LaTiO;.

X-ray diffraction indicated the tetragonal distortions in the
LTO/STO films. 6-26 scans revealed only 00/ film reflec-
tions. Reciprocal space maps (RSMs) of the 103 LTO peak
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FIG. 1. (Color online) (a) A representative cross-sectional TEM
image along the [100] zone axis of a LTO/STO film. The inset is the
fast Fourier transform of the image. (b) RSM of the 103 reflection
of the 34 nm LTO/STO sample.

enabled us to deduce both IP and out-of-plane (OOP) lattice
parameters of the LTO films. Figure 1(b) is a RSM of the 103
reflection peak of a 34 nm LTO/STO with IP and OOP lattice
parameters of 3.905 and 4.015 A, respectively. The intensity
streak corresponding to the substrate peak is caused by the
line-focused shape of the x-ray beam. The 103 reflection
peaks of 34 nm films on DSO and GSO substrates were
likewise mapped out to determine IP and OOP lattice param-
eters (Table I). The small degree of orthorhombic IP distor-
tion from the scandate substrates amounts to less than
0.005 A difference in IP interplanar spacings, which is dif-
ficult to detect in the thin films. All of the films are coher-
ently strained IP to conform to the underlying substrates.
However, it must be noted that bond lengths and bond angles
are not explicitly measured and are difficult to determine in
such thin films. The small full-width-at-half-maximum val-
ues (<0.1°) of the 002 reflection rocking curves confirm
high thin-film crystalline quality.

Electrical transport measurements in the van der Pauw

TABLE I. (Color online) IP and OOP parameters (a and c) of 34
nm LTO films grown on different substrates. Volume dilation and
tetragonal distortions are decoupled.

a c FWHM &, te,te,, 28.-g ¢,
Substrate (&) (A) (deg)? (%) (%)
GdScO; 3968 3.991 0.075 0.43 1.16
DyScO;  3.944 4.014 0.07 -0.20 3.52
SrTiO; 3905 4.015 0.06 -2.14 5.54

40f the 002 diffraction peak.
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FIG. 2. (Color online) Resistivity curves of the three 34 nm
LTO/STO, LTO/DSO, and LTO/GSO samples. Difficulties in main-
taining an Ohmic contact on an insulating sample contributed to the
low-temperature noise observed in LTO/GSO.

geometry were performed on the films. Figure 2 shows re-
sistivity curves of 34 nm LTO/STO and LTO films of the
same thickness grown on DSO and GSO (LTO/DSO and
LTO/GSO, respectively) under the same deposition condi-
tions. While LTO/STO displays metallic behavior, both LTO/
DSO and LTO/GSO are insulating—although LTO/GSO ex-
hibits higher resistivity than LTO/DSO over the entire
measured temperature range.

Furthermore, LTO/STO films are metallic for all film
thicknesses. Figure 3(a) shows that the resistivity curves of
the different samples overlay one another. The relatively high
magnitude and temperature dependence of the resistivity val-
ues are comparable to those of the metallic d' perovskite
oxide Re0;.2> The inverse scaling of sheet resistance with
film thickness at 300 K can be seen in Fig. 3(b). In Fig. 3(c),
we see specifically that the sheet carrier concentration values
increase roughly linearly with film thickness. This scaling is
evidence that metallic conduction occurs in the entire film.

We also performed Hall-effect measurements on the 34
nm LTO/STO film to decouple the carrier concentration and
mobility (Fig. 4). The carriers are electronlike. The carrier
concentration is fairly temperature independent and corre-
sponds to an average of 0.77 electrons per Ti ion. Its Hall
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FIG. 3. (Color online) (a) Resistivity of LTO/STO films of dif-
ferent thicknesses. Film thickness-dependent variations in (b) sheet
resistance and the (c) sheet carrier concentration measured at 300
K. The fitted lines show inverse and proportional thickness depen-
dence, respectively.
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FIG. 4. (Color online) Hall mobility (ug) and carrier concentra-
tion (n) of 34 nm LTO/STO.

mobility has a power-law dependence at high temperatures,
wy T3 likely to be dominated by carrier interaction with
optical phonons. At low temperatures, the resistivity is gov-
erned by scattering by defects in and at the boundaries of the
sample, and the mobility saturates to ~10* c¢cm?/Vs.

Given the insulating LTO/DSO and LTO/GSO samples,
metallicity in LTO/STO cannot be explained by the forma-
tion of off-stoichiometric point defects in the LTO solely
relating to thin-film growth. However, unintentional Sr dop-
ing of LTO or La doping of STO, oxygen vacancies in the
STO substrate, and electronic reconstruction at the LTO/STO
heterointerface are other possible origins of metallicity.

Our results cannot be accounted for by any one or com-
bination of such sources. RBS analysis indicated that inter-
diffusion was negligible compared to the film thicknesses
and could not have produced the large carrier densities ob-
served in the LTO/STO samples. We have also grown a 17
nm LTO film on a STO substrate with a thin EuTiO; (ETO)
buffer layer, providing a diffusion barrier to Sr from the sub-
strate to the film and La from the film to the substrate. The
resistivity curve of LTO (17 nm)/ETO (10 nm)/STO almost
perfectly overlays that of a 17 nm film grown directly on a
STO substrate (both not shown). This result indicates that
La/Sr interdiffusion at the film/substrate interface cannot ex-
plain the metallicity. Another possible source of metallicity is
oxygen vacancies in STO substrates. First, given the deposi-
tion times and oxygen (vacancy) diffusion constants,?® the
carrier concentration numbers cannot be explained in terms
of reduced STO substrates. In addition, to explicitly elimi-
nate this possibility as the origin of our metallic LTO/STO
samples, we have annealed a bare STO substrate and depos-
ited a single 10 nm ETO film on a STO substrate in growth
conditions identical to those of LTO and found that these two
samples were too insulating to be measured electrically. Fur-
thermore, the nearly proportional scaling of sheet conduc-
tance and sheet carrier concentration with film thickness as
shown in Fig. 3 indicates that the conductivity arises from
the film itself. We also synthesized a 15 nm LTO film on a
DSO substrate with a 10 nm STO buffer layer as well as just
a 10 nm STO film on DSO. Neither the LTO film nor buffer
layer alone exhibited metallicity, thus indicating that neither
defects in the STO nor interdiffusion at the LTO/STO inter-
face is the origin of the metallicity.

The metallic behavior of LTO/STO versus the insulating
behavior of LTO/DSO and LTO/GSO can be correlated with

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 161101(R) (2010)

the structure of the LTO films. Since detailed structural char-
acterization indicates that the LTO films are coherently
grown on all substrates with a high degree of crystallinity
and smooth surfaces, the electronic transition cannot be at-
tributed to differences in microstructure or defect structure.

Our findings indicate that lattice distortions profoundly
modify the electronic structure of LTO. Ishida and Liebsch
considered ideal tetragonal distortions in LaTiO; and found
broadening of the 7,, bands compared to the orthorhombic
bulk.” Their calculations show that tetragonally distorted
LaTiO3 on STO exhibits metallicity, whereas orthorhombic
bulk LaTiOj; is an insulator. The metallicity we observe in
LTO/STO samples is qualitatively consistent with their claim
that suppression of bulk GdFeOs-type orthorhombic distor-
tion, reduced magnitude of #,, band splitting, and enhanced
electron bandwidth near the Fermi level are important factors
in stabilizing a metallic ground state in tetragonally de-
formed LTO.

From the IP and OOP lattice parameters measured, we can
deduce the volume dilation €,,+ €,,+€,, and an element rep-
resenting the degree of volume-preserving tetragonal distor-
tion 2€,,— €.~ €,, (Table I). In LTO/GSO, the film is virtu-
ally lattice-matched with the substrate; hence, there is little
IP compression. In LTO/DSO, the film is under a slight com-
pressive strain (—=0.7%) and exhibits resistivity values from a
factor of about two at room temperature to more than two
orders of magnitude at low temperatures lower than those of
LTO/GSO. Finally, under a larger compressive strain
(~1.6%), LTO/STO films undergo a lattice-induced insulator-
metal transition. This trend suggests that suppressing the
bulk orthorhombic structure in LTO/STO is key in inducing
metallicity. It appears that on STO, the strained LTO film is
distorted to the degree that its kinetic energy—electronic
bandwidth—overwhelms the potential energy—on-site re-
pulsion energy. Although the distortions in LTO/DSO are
insufficient to induce metallicity, we speculate lattice effects
produce a larger bandwidth of occupied states and hence
higher conductance of LTO/DSO compared to those of
LTO/GSO.

Given the high mobility values measured in LTO/STO
samples, we speculate that electron-electron interactions in-
trinsic to LaTiO; are not strong enough to limit the mobility
of the LTO/STO films. In addition, the role of screening ef-
fects at the LTO film/substrate interface must also be consid-
ered since STO has a high and highly temperature-dependent
dielectric constant, whereas the dielectric constants of DSO
and GSO are lower and vary much less with temperature.
The fact that we do not observe metallic behavior in the LTO
film on a 10 nm STO-buffered DSO substrate suggests that
dielectric screening is not the primary cause of metallicity,
but may have a second-order effect on carrier itinerancy, pos-
sibly inducing the observed high mobility; dielectric screen-
ing from the substrate on the thin film is an important topic
that warrants further investigation in our and related materi-
als systems. While we cannot completely decouple the ef-
fects of screening at the interface, the transport properties
over a range of film thicknesses in LTO/STO indicate that
lattice distortions play a dominant role in inducing metallic-
ity in LTO thin films.

In conclusion, we have demonstrated how lattice distor-
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tions in LTO/STO films can generate metallicity that has not
been observed in the orthorhombic bulk. Though interfacial
electronic reconstruction effects may also be present in our
LTO/STO samples, we have shown strong evidence that me-
tallic conduction is exhibited in the entire LTO film, and not
just from a confined interface or defective STO substrate.
Ultimately, understanding the electronic effects of lattice de-
formation may enable us to exploit substrate-induced lattice
distortions to engineer systematically properties in perov-
skite oxide heterostructures inaccessible in bulk materials of
the same stoichiometry.
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