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Growth and small-polaron conduction of hole-doped LaTiOj3, 5, and NdTiOs, 5, thin films
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ReTiO3, 5, (Re=La and Nd) thin films have been deposited on (100)LaAlO; substrates using the pulsed
laser deposition technique. The oxygen content in the formula can be tuned to some extent by carefully
adjusting the oxygen pressure during film deposition. When grown at higher oxygen pressures, the films tend
to be in their fully oxidized insulating form Re,Ti,O; (8=1,Ti**) with a twinned monoclinic structure of
[012],, orientations. When grown in a background vacuum around 5 X 10~* Pa, the films are lightly hole doped
(6~0, ~Ti**) and retain the near-cubic perovskite structure with the [001], axis perpendicular to the film
surface, though high-density defects may exist. These two phases coexist in the films grown at intermediate
oxygen pressures. For the vacuum-grown near-cubic films, the antiferromagnetic ordering dies in the lantha-
num titanate due to oxygen doping but still survives in the neodymium titanate owing to the higher electron
correlation strength in the latter. The transport behavior in the ~Ti** Mott insulating films can be described
well by the small-polaron hopping or variable range hopping model. In the hole-doped metallic films, a
temperature-dependent carrier density and Hall mobility were observed, especially at low temperatures. The
temperature dependence of the resistance can be almost perfectly fitted by a small-polaron coherent conduction

model [R(T)=R,(0)+ Cw,/sinh*(T,/T)].
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I. INTRODUCTION

The titanates ReTiO3 (where Re is a trivalent rare earth)
are canonical Mott-Hubbard-type insulators with a Ti**
(3d1t2g) electron configuration and a perovskite structure.! It
has been widely accepted that the insulating behavior is as-
cribed to the strong Coulomb repulsion among the integer
number of electrons at each Ti site, which opens a charge gap
at the Fermi surface. The transport properties are determined
by the electron correlation strength U/W, where U is the
on-site Coulomb energy and W is the one-electron band-
width. The bandwidth W, and hence the correlation strength,
can be tuned by varying the GdFeO5-type distortion through
changing the average radius of the A-site ions or by applying
external hydrostatic pressures. A bandwidth-controlled
insulator-metal transition can then occur. Alternatively,
anomalous metallic states with enhanced electron effective
mass can also be derived from the Mott insulators upon hole
doping, by substituting the trivalent rare-earth ion with a
divalent alkaline-earth ion or by introducing “excess oxy-
gen” ions into the lattice, the so-called filling-controlled
insulator-metal transition.

It has been recognized that the fully reduced Ti** single
crystals with a stoichiometric oxygen content of 3.0 can only
be acquired in an extremely reducing atmosphere.?? The ti-
tanates have a strong tendency to incorporate Re vacancies,
which are frequently denoted by excess oxygen in the for-
mula ReTiO5, 5,.* With increase of the nominal hole doping
6, the material evolves from a Mott insulator with a spin and
orbital ordering to a paramagnetic heavy metal of filling 1
—0. When ¢ is larger than a certain value, however, addi-
tional oxygen layers appear along the perovskite {110}
planes,® and the effective carrier density decreases. The end
member ReTiO; 5 (Re,Ti,0,) is a band insulator (Ti**,34°)
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with a layer-perovskite structure, which becomes ferroelec-
tric at an enormously high transition temperature.’

Electronic properties of the doped titanates have been
widely studied during the past decade in single crystals. A
striking quadratic temperature dependence (77) of resistivity
has been conspicuously observed over a large temperature
range in metallic LaTiOs, 5 (Ref. 3) and Sr,_,La,TiO5, 55 ac-
companied by a remarkable electron effective-mass enhance-
ment. This had been attributed to the electron-electron cor-
relation in the system. Other characteristic properties, such as
temperature-independent Pauli-like susceptibility and the
T-linear electronic specific heat, were also revealed. The
doped titanates were then argued to be described well by the
Fermi-liquid picture.

In contrast to the comprehensive investigations on single-
crystal bulks, reports on titanate thin films’~!3 are limited in
quantity. One possible cause is the huge difficulty in achiev-
ing Ti** compounds. Ohtomo et al.” have demonstrated that
up to six-unit-cell-thick LaTiO5 layers can be stabilized on
SrTiO5 at conventional deposition conditions owing to the
constrain effect of the substrates. As the film grows thicker,
however, a high density of {110} faults (excess oxygen lay-
ers) will develop, driven energetically to achieve the equilib-
rium quadrivalent oxidation state of Ti. Accordingly, most of
the LaTiOs, 5, films, even prepared in reduced oxygen pres-
sures, behave metallically, although diversity in the absolute
resistivity values and the temperature dependencies was no-
ticed. On the other hand, since the bandwidth W in NdTiOj3
is narrower than that in LaTiO5 and U in the two systems are
equivalent,'® the Mott insulating state in NdTiO5, 5, is much
more robust. In this paper, we report our efforts on growing
epitaxial thin films of La and Nd titanates on (100)LaAlO;
(LAO) substrates at varied temperatures and oxygen pres-
sures. Mott insulating neodymium titanate thin films with Ti
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valence of ~3.0 have been successfully obtained. The micro-
structure and electronic property evolutions with oxygen
pressures and temperatures in the as-grown LaTiO5, 5, and
NdTiOs, g, films are carefully investigated.

II. EXPERIMENTAL DETAILS

The LaTiOs, 5, (LTO) and NdTiOs, 5, (NTO) thin films
were grown on LAO substrates using the pulsed laser depo-
sition (PLD) technique in a high-vacuum chamber equipped
with a high-pressure reflection high-energy electron-
diffraction (RHEED) accessory. The ceramic LaTiOs5 and
NdTiOs 5 targets were fabricated by conventional solid-state
reaction at 1370 and 1400 °C, respectively, in air or flowing
oxygen for 10 h. The Sr-doped NTO films were prepared by
sticking a small piece of SrTiO; single crystal onto the sur-
face of the ceramic NTO target. A KrF excimer laser with
248 nm wavelength was employed for ablation. The sub-
strate temperatures (7) were selected between 650 and
850 °C, and the laser energy density was around 2 J/cm?.
The films were deposited either in the background vacuum
below 5 X 107 Pa or at specified oxygen pressures (Pg). The
deposition lasted for 30 min with a laser repetition rate of
2 Hz. Then, the films were annealed in situ for 10 min at the
growth Ty and Pg and cooled down in the same ambience to
room temperature at a ramp rate of 40 °C/min. The thick-
ness of the films was estimated to be ~2000 A, using the
homoepitaxial growth rate of SrTiO; in comparable deposi-
tion conditions, as determined from the RHEED intensity
oscillations.

The crystal structures of these films were monitored in
situ by RHEED and studied ex sifu by x-ray diffraction. The
electrical resistivity and Hall coefficient were measured us-
ing the van der Pauw geometry (55 mm?) in the tempera-
ture range 5 K<7'<<300 K. The electrical contacts were
made by indium soldering. The magnetic fields for Hall and
magnetization measurements were generated by an MPMS-5
(Oxford) superconducting quantum interference device mea-
suring system. Magnetization curves were obtained by first
cooling the samples down to 5 K in a 5 T magnetic field and
then measuring in a warming-up run in 100 Oe.

III. EXPERIMENTAL RESULTS

The low-angle sections of the x-ray diffraction (XRD)
6-2 0 diffraction spectra for the titanate thin films deposited
at varied conditions are shown in Fig. 1. No impurity phase
can be identified in all these spectra. It is noted that the LTO
and NTO thin films are roughly similar in that, when grown
at high Pg, the films show a broad peak at a lower angle
around 21.4°, while when grown in vacuum, the peak is
sharper and right shifts to a higher angle of ~22.3°. Films
deposited at an intermediate Pg, say, 1 X 1072 Pa, possess an
even more broad bump just in between (not shown here).
The left shift of the diffraction peaks, and thus the change of
the out-of-plane d spacing from 3.98 to 4.15 A with increas-
ing P, has been previously observed by other research
groups.”'* Taking the monoclinic bulk data of LaTiO5 5 (227
phase) (Ref. 7) and writing them in a habitual way with a
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FIG. 1. (Color online) XRD 6-26 spectra for the titanate thin
films deposited at varied temperatures and ambiences.

=7.81 A=~2ay, b=5.54 A~\2a,, and c=13.01 A (aj is the
lattice constant of the initial cubic perovskite), one can see
that the peaks at lower angles are reflections from the (012),,
plane of the 227 phase. Since there are four such equivalent
planes due to the twin structures in the 227 films and these
planes are not exactly parallel to the film surface but with a
small angle (as will be detailed below by RHEED observa-
tions), a serious mosaic spread occurs, leading to the very
broad and weak peaks in the x-ray spectra. On the other
hand, films grown in vacuum retain the perovskite structure,
and the peak is from the cubic (001). planes. The
d(oo1)c-spacing value is slightly longer than the bulk lattice
constant of 3.92 A, most probably due to the biaxial com-
pressive strain from the LAO substrates. Obviously, these
two phases coexist in the films grown at intermediate Pg.
Closely examining the spectra, one can find that the two
vacuum-grown NTO films possess peaks narrower than the
LTO film grown at comparable conditions, and the peak
width for the NTO film deposited at lower T is narrower
than that at higher 7. The best quality film we ever obtained
was the NTO film grown at 650 °C in vacuum, with a full
width at half maximum of ~1°. The peak broadening in
these cubic perovskite films may have its origin from high-
density Re vacancies (and/or {110} faults), i.e., oxygen dop-
ing, in the film. Thereby, the data imply that La vacancies are
easier to form in LTO films grown at higher 7. This partly
explains why Mott insulating LaTiO; thin films have never
been obtained in previous reports. Finally, it is also revealed
that Ar ambience helps reserve the oxygen content in the
ReTiO; 5 targets, so that the film deposited with Ar but in the
absence of oxygen also possesses a relatively high oxygen
content.

It is known that the oxygen-rich two-dimensional
ReTi03, 4, layer perovskite is derived from the cubic lattice
by inserting extra oxygen-rich layers along the {110} perov-
skite planes.’ Four equivalent such planes exist in the films;
accordingly, four types of analogous crystallographic do-
mains with different orientations may exist. Figures 2(a) and
2(b) are the RHEED images for an LaTiOj5 5 thin film grown
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FIG. 2. (Color online) The RHEED images taken along LAO (a)
(100) and (b) (110) zone axes, for an LaTiO35 (227 phase) film
grown at 850 °C in Pg=22 Pa. (c) An image obtained by turning
the incident electron beam slightly away from the (110) direction,
and (d) an interpretation of (c), where two sets of tilted streaks with
respective angles of 7°-10° are clearly seen.

at 850 °C in 20 Pa oxygen, taken along the LAO (100) and
(110) zone axes, respectively. We can see that Fig. 2(a) re-
sembles the Fourier transformation of a high-resolution
transmission electron microscopy image of a twinned 227
film.” The 45° cross lines in the image are diffractions from
the twin boundaries, and the weak spots in between the
bright ones reveal a doubled ag-axis constant due to the

monoclinic distortion. The (012),y; streaks tilt slightly from
the surface normal. Diffractions from two types of domains

with their (012) tilting to opposite directions can be observed
along LAO (110), as shown in Fig. 2(b), where the forks at
each end of the streaks are obvious. If we then turn the film
in plane to deviate the electron beam slightly away from the
(110) direction, an image like Fig. 2(c) will appear. As illus-
trated in Fig. 2(d), the diffractions can be perfectly indexed
by two sets of tilted streaks with respective angles within
7°-10°.

The films deposited in background vacuum, however, are
three dimensional and epitaxially grown in a cube-on-cube
way, with their pseudocubic (001),. planes parallel to the film
surface. As shown in Fig. 3, the RHEED streaks of LTO
films [(a) and (b)] are bright and sharp, suggesting good film
crystallinity and a smooth film surface. It is noteworthy that
the NTO thin films deposited at identical conditions exhibit a
superstructure of 2a, in their RHEED patterns [(c) and (d)].
This is due to the stronger GdFeO;-type (orthorhombic) dis-
tortion in the latter. In addition, comparing Fig. 3(c), taken
after the first 2 min growth at 4 Hz, and Fig. 3(d), taken after
the more than 1 h growth, one can conclude that with in-
crease of the film thickness, the film surface becomes more
and more rough, as revealed by the three-dimensional dif-
fraction spots in image (d).

In Fig. 4(a), we present the temperature dependencies of
resistance for titanate thin films grown at varied substrate
temperatures but all in the background vacuum. These films
are all pseudocubic. The sample details are listed in Table 1.
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FIG. 3. The (a) (100) and (b) (110) RHEED images for LTO thin
films grown at 850 °C in the background vacuum. (e) and (f) are
the (100) images of an NTO thin film grown at identical conditions,
taken at the initial and final growth stages.

First of all, we note that the LTO film deposited at 650 °C
exhibits a typical semiconducting behavior, as also plotted
separately in Fig. 4(b). The resistivity at room temperature is
about 9.6X 1073 Qcm and the value increases monotoni-
cally with decreasing temperature and reaches a fairly high
value of 9.3X 1072 Q cm at 5 K. While almost all of the
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FIG. 4. (Color online) R-T curves for the titanate thin films
grown on LAO substrates in background vacuum.
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TABLE 1. Details of the film samples presented in Fig. 4.

Ty Vacuum Sr doping

Serial No. Denotation Material (°C) (107 Pa) (%) Electrical behavior
310805 NTO/650 °C Nd-Ti-O 650 3.3 Insulating
300805 NTO/850 °C Nd-Ti-O 850 4.9 Insulating
130905 LTO/650 °C La-Ti-O 650 3.0 Insulating
120505 LTO/850 °C-1 La-Ti-O 850 3.1 M-I transition
230505 LTO/850 °C-2 La-Ti-O 850 5.0 Metallic
111005 NTO+Sr/850 °C-1 Nd-Ti-O 850 4.6 11 Insulating
241005 NTO+Sr/850 °C-2 Nd-Ti-O 850 53 49 Metallic

previously reported pseudocubic La-Ti-O thin films are me-
tallic, we successfully prepared Mott insulating LTO thin
films. As is well known, LaTiO3 has been proven to be a
Mott insulator located at the immediate vicinity of the metal-
insulator boundary, with a moderate electron-electron corre-
lation and a small band gap of 0.2 eV. A slight oxygen ex-
cess of ~0.03 would induce metallic behavior,!” and the
three-dimensional metal region in LaTiOs, 5, phase diagram
spans until 6>0.4.> Thereby, the metal state observed in
vacuum-grown LTO films can be easily understood, which
remains as long as a moderate P is employed. In order to
grow in vacuum Mott insulating LTO thin films with triva-
lent Ti, two factors may be crucial: one is the selection of
LAO substrates, as will be further discussed later, and the
other one is the substrate temperature control. When grown
at a higher T of 850 °C, the LTO film shows an S-shaped
R-T curve, as shown in Fig. 4(c). The resistivity first in-
creases slowly with decreasing temperature, shows a maxi-
mum at 270 K, and then decreases again until 110 K, where
a drastic upturn occurs. In the view of a large scale, however,
as in Fig. 4(a), the resistivity of this sample just changes in a
very narrow scope during the whole temperature range mea-
sured. Another LTO film deposited also at 850 °C, but per-
haps in a poorer vacuum (with more excess oxygen), be-
haves like a metal, with a slightly lower resistivity. It is
apparent that only a small variety of the deposition condition
will result in films with distinct transport properties. Since it
is difficult to determine the exact oxygen content in films, it
is hard to conclude from the data at which oxygen doping
level the metal-insulator transition happens.

The two NTO thin films grown in vacuum are all semi-
conductors and possess an even higher resistivity, obviously
due to the larger electron correlation strength. Among the
two, the film grown at 650 °C is more “insulating,” implying
a lower density of Nd vacancies or equivalently a lower den-
sity of Ti* ions in the film, consistent with the XRD results.
Using the simple thermal activation model, the energy level
in the 650 °C grown NTO film is estimated to be 0.11 eV
[shown in Fig. 4(d)], still smaller than the charge gap of pure
NdTiO5 single crystal (0.16 e€V).'® This suggests that the Ti
valence is still higher than 3.0 even in this most-reduced
sample. Figure 4(d) also reveals that the insulating films of-
ten deviate from this simple thermal activation model at tem-
peratures below 100 K. Actually, the curves can be fitted
better using a small-polaron variable range hopping (VRH)

model, as shown in Fig. 4(e) (although for different samples,
the exponent factor is not necessarily 1/4), which provides
additional evidences that a high density of defects exists in
these films. In addition, divalent Sr** doping brings extra
holes into the films, and thus decreases the sample resistivity
and even makes it metallic. In Fig. 4(a), we also plot curves
for two NTO films with different Sr contents grown in
vacuum.

The magnetization versus temperature curves for the LTO
and NTO thin films grown at 650 and 850 °C in vacuum are
shown in Fig. 5. The samples were measured in a field of
100 Oe applied perpendicular to the film surface. It is clear
that the antiferromagnetic (AFM) ordering disappears in the
LTO film deposited at 650 °C, even though the film is insu-
lating. The result somewhat disagrees with previous observa-
tions, in which the & value required to totally suppress AFM
ordering (~0.08) is larger than that needed to induce the
insulator-metal transition (~0.03).!7 Here, this difference
may come from the high-density defects in the films. In con-
trast, AFM ordering survives in the NTO thin films. The Néel
temperature Ty for the two NTO films are all around 60 K in
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FIG. 5. (Color online) Magnetization curves for vacuum-grown
LTO and NTO thin films, measured in a perpendicular magnetic
field of 100 Oe [5 T field cooled (Ref. 16)]. Inset shows the corre-
lation between the magnetic ordering and the transport property in
the NTO film grown at 850 °C.
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spite of their difference in resistivity, noting that 7 for the
undoped Ti** single-crystal bulk is 90 K.'” With similar dop-
ing, i.e., deposited at identical conditions, AFM ordering is
certainly more robust in the much more correlated NTO sys-
tem. The AFM ordering observed is a solid evidence that the
two vacuum-grown NTO films are in the Mott-insulator re-
gion with very small hole dopings. The magnetic ordering
also has an influence on their transport properties, so that the
activation energy changes at Ty, as revealed in the inset by
the temperature dependence of resistance.

Hereafter, we will focus only on metallic thin films. In
Fig. 6(a), we show the temperature dependence of sheet re-
sistance for a Sr-doped NTO thin film grown at 850 °C in
vacuum. Inductively coupled plasma atomic emission spec-
trometry reveals that the Nd:Sr ratio in this sample is 1:0.93.
This sample behaves metallically at high temperatures but
undergoes a clear metal-insulator (M-I) transition at ~20 K.
It is noted that the resistivity is roughly 7% dependent but
deviates visibly from this law below 120 K. The 7? depen-
dence of resistivity (p=p,+AT?) has long been observed in
transition metals?® and later in doped V,0; (Ref. 21) and

titanate single crystals.? It has been attributed to the electron-
electron correlation in these systems. The coefficient A in
transition-metal iron, nickel, and cobalt are on the order of
I1X107" QecmK™2, and that in the doped V,0; is 5
X 1078 ) cm K™2. The values in our experiment are deter-
mined to be ~1X 107 Q cm K2, comparable to that in
V,05. Nevertheless, in the electron correlation frame, the 72
dependence is usually dominant only at very low tempera-
tures. A phonon-scattering term shows up as temperature in-
creases. Apparently, our data disagree with this rule. The
sample resistance deviates visibly from this law and goes up
at a certain temperature, no matter if there is an upturn or not
in the R-T curves.

Moreover, as shown in Fig. 6(b), Hall measurement dem-
onstrates a clear temperature variation of the effective carrier
density in the film,'> which is again inconsistent with the
Fermi-liquid picture. Here, the Hall signal was measured in a
perpendicular magnetic field scanned from -5 to +5 T at
fixed temperatures. The field (B) dependence of the trans-
verse resistance (R,,) was recorded. Because of the poor
alignment of the voltage electrodes, the transverse voltage
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measured in the absence of a magnetic field is nonzero. Any-
way, these curves are clearly linear with field, as given in the
inset of the figure. The negative slope suggests electron-type
carriers. The sheet carrier density n, can then be precisely
read from the slopes of these curves, according to the rela-
tionship n,=B/eR,,. The Hall mobility uy was derived using
the standard free-carrier formula uy=1/(gn,R,), where the
R, value has been obtained in another four-probe measure-
ment system by R,=(7/In2)R. The error bar in the figure
was added according to the linear fitting errors, which are
underestimated because the temperature fluctuations and the
geometric irregularity of the electrodes are not considered.
As clearly seen, although the sample is a good metal, the
derived carrier density declines with decreasing temperature
and drops steeply near the M-I transition point. Accordingly,
the mobility [shown in Fig. 6(a)] increases gradually with
decreasing temperature and rises abruptly around the transi-
tion point. In addition, the filling level 1-x—¢ in this film
should be no more than 0.5 if §>0, so that the ideal three-
dimensional carrier density n should be no more than 8.5
X 10?! cm™. However, the measured n in the sample is
higher, being (1.0—1.4) X 10?2 cm™. Therefore, the Sr-doped
NTO film deposited in vacuum may contain oxygen vacan-
cies (6<0).22

IV. DISCUSSIONS

Most of the literature claimed temperature-independent
carrier density, though dissimilarities have also been re-
corded in lightly doped LTO single crystals (e.g., Fig. 4 in
Ref. 17). The carrier density drop and the Hall mobility en-
hancement at low temperatures have also been observed pre-
viously in titanate thin films?> and explained in terms of the
surface band-bending effect.>>>* Due to the temperature evo-
lution of the film dielectric constant, the thickness of the
surface depletion layer grows with cooling, gradually push-
ing the conduction electrons into the substrate where scatter-
ing is reduced. Thus the low-temperature mobility is en-
hanced. That is, the intrinsic carrier density in the films is
temperature independent, but the temperature dependence of
the depletion layer reduces the effective carrier number at
low temperatures.22 However, the thickness of our film is
around 2000 A, much thicker than the estimated depletion
layer, ~150 A at 5 K,22 so it is hard to believe that the
temperature dependence of this thin depletion layer can al-
most double the mobility, as in Fig. 6(a). Relating to their
resistivity that does not obey the 7% law, one may conclude
that the conduction mechanism in epitaxial titanate thin films
may somewhat differ from that in single crystals.

According to Holstein, two different types of small-
polaron motion are prevalent at temperatures above or below
a certain transition temperature 7,. T, is of the order of %@
(@, Debye temperature) but sensitive to the system param-
eters. In high temperatures 7> T,, the polaron motion pre-
dominates by means of a succession of mutually incoherent
thermal-activated jumps between neighboring sites, each of
which is accompanied by multiple-phonon emission and ab-
sorption. With decreasing temperature, the multiphonon pro-
cess is gradually frozen, and the process involves only a
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single polaron. As the temperature drops below %@, the mo-
tion is described by hopping due to disorders, and the acti-
vation energy is provided by acoustic phonons. When the
disorder effect is negligible, in the low-temperature regime
T<T, the hopping activation energy tends to be zero, and
the polaron behaves like a heavy particle moving coherently
by the usual band mechanism. The width of the “polaron
band” exponentially decays with increasing temperature. The
fully activated polarons are scattered by thermal phonons
and thus the resistivity increases with increasing tempera-
ture, exhibiting a metalliclike behavior.

A model of small-polaron metallic conduction has been
developed by Bogomolov et al.? In this model, the resistiv-
ity is given by

Aawa

T) = po+ (B2nela’t) S, ——22e
p(D) = po+ (R*Ine’a’t) 2, sinh2(ha/2k5T)

a

where n is the carrier density, a the lattice constant, 1, the
effective hopping integral of polarons, w, the average fre-
quency of one optical phonon mode, and A, a constant de-
pending on the electron-phonon coupling strength. Assuming
that only the low-lying optical mode with a strong electron-
phonon coupling contributes to the resistivity, the expression
can be simplified as

R(T) =R,(0) + Cw,/sinh*(T,/T),

where R, is the sheet resistance. Zhao et al.>’ argued that the
metallic transport behavior in doped perovskite manganite
thin films could be explained using this law. They have ob-
served a strong oxygen-isotope effect on the intrinsic resis-
tivity in the ferromagnetic metallic state of manganites,?®
which is a solid evidence of the role of phonons in the me-
tallic conduction process in perovskites.

As is well known, in ReTiOz, the whole e, orbital is
empty and there is only one #,, electron on the 3d band.
Since the 1,, orbital points between 0% in the octahedron,
the overlap between titanium #,, and oxygen 2p is very
weak, resulting in a very narrow conduction band. Small-
polaron then is therefore more likely in this system. Actually,
transport in lightly electron-doped TiO, or SrTiO5 has long
been attributed to small-polaron coherent conduction
mechanism.?® Here, it is worth mentioning that, in the high-
temperature high-vacuum film deposition conditions, oxygen
vacancies can be easily developed in SrTiO; (STO) single-
crystal substrates, so that the substrates become electron
doped and conducting. Thermodynamically, it is difficult to
obtain Ti** in the film and simultaneously keep Ti** in the
substrate. This is the main reason that we chose only LAO
substrates in the experiments. The LAO substrates remain
insulating in all the annealing conditions. In the inset of Fig.
7(b), we plot R, versus T curve for an STO substrate an-
nealed in vacuum at 850 °C for 3 h. The annealed STO itself
also shows a metallic behavior, similar to the ReTiO5, 5 thin
films. The room-temperature resistivity is about 1.9
X 1072 Q cm and the value is reduced to 1.4X 107 Q cm at
5 K. Recently, a number of groups report that the kinetic
bombardment of the adatoms on the substrate during growth
can induce far more oxygen vacancies in the substrate and
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FIG. 7. (Color online) The small-polaron fitting results.

thus further increase its conductivity. We have also noticed
that complex phenomena have been observed at the interface
of the perovskite oxides and STO substrates, which is a topic
of current debate3*33 but beyond the scope of this study.
We use the above formula to fit the R-T curves of the
annealed STO substrates and the two metallic titanate thin
films. The fitting parameters are listed in Table II, and the
calculated curves are shown in Figs. 7(a) and 7(b). The fit-
tings were performed without weighting. It is striking that
the model can perfectly fit the experimental data for both the
STO single crystal and the titanate thin films. Values of the
goodness of fit R* for the single crystal is 0.998 and those for
the films are even higher, =0.999. The excellent agreement
between the experimental and the calculated curves strongly
implies the presence of small polarons and their metallic
conduction in the perovskite titanate thin films. The small
fitting error may have its origin in that, in the model, the
carrier density n is treated as a constant, while, in fact, it
changes slowly with temperature. The measured
temperature-dependent Hall mobility in our experiments
therefore may be attributed to the polaron band width varia-
tion with temperature, although we have recognized that the
Hall mobility, as affected by higher-order processes of po-
laron motion, is not equivalent to the drift mobility which is

only defined by the lowest order of jump. Gariglio et al.'3
also found recently that the small-polaron coherent conduc-
tion model could interpret well the transport behavior of their
LTO thin films grown on LAO substrates.

By scrutinizing Table II, one can find the following. (a)
The residual resistivity is a signature of the crystallinity in
the samples. While the annealed single-crystal STO shows
the lowest residual resistivity, ~1.55 X 10™* Q cm, the value
is slightly higher for the Sr-doped NTO films, ~5.7
X10™* Q cm, and is the largest for the LTO thin film,
~6.2X102 Qcm. (b) Intuitionally, the constant C
~Ah% ne2a2tp is roughly proportional to m"/n, where m” is
the effective mass of polarons and n is the carrier density. C
manifests its largest value in the vacuum-grown LTO thin
film, in which m" is large due to the small doping level and
thus the strong electron-electron correlation in the sample.
The heavily doped vacuum-grown NTO thin film exhibits the
smallest C. Since the film is already away from the Mott-
insulator—metal boundary by Sr*>* doping, the electron corre-
lation is remarkably weakened so that m” is small. In the
annealed single-crystal STO, m” is not large and neither is
the carrier density n, resulting in a moderate C value. (c) The
characteristic temperature 7', of the phonon coupled to elec-
trons varies from 97 to 270 K in the three samples. This,

TABLE II. Fitting results for the annealed SrTiO5 single-crystal substrate and two other metallic titanate
thin films using the small-polaron coherent conduction model.

R,(0) Cw,

C T

Denotation Q) Q) (1074 Qs (K) X R?

STO: annealed 0.31(3) 39.1(9) 55.3 270(2) 0.185 0.99796
LTO/850 °C 312.0(1) 38.8(9) 151.7 97.90(8) 1.67078 0.99989
NTO+Sr/850 °C-2 28.87(4) 6.34(4) 124 194.6(5) 0.00066 0.99996
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however, disagrees with the argument of Zhao et al.?’ that
only a dominant optical phonon mode of Zwy/kz=80 K con-
tributes substantially to the resistivity in perovskite oxides.
This may suggest a flaw of simply attributing the phonon to
the tilt and/or rotation of the oxygen octahedra. Other fac-
tors, such as the strain from the substrate, may also affect the
phonon mode. Further studies are required to clarify this is-
sue.

V. CONCLUSIONS

In summary, we have deposited LTO, NTO, and NSTO
thin films on (100)LAO single-crystal substrates using the
PLD technique. The oxygen pressure during film deposition
has been carefully controlled so that the filling level 1—-§ in
the films can be tuned. When grown at high P, the films are
in their fully oxidized insulating form Re,Ti,O; and are
monoclinic polycrystalline with domains of different orien-
tations. When deposited in background vacuum or at low P,
the films retain the ABO; pseudocubic perovskite structure
and are epitaxially grown in a cube-on-cube way. The films

PHYSICAL REVIEW B 75, 195109 (2007)

grown in intermediate Po are mixtures of the two phases.
The films grown in vacuum are mostly Mott insulating and
follow a VRH law. The substrate temperature has an influ-
ence on the film doping level, with a slightly higher doping
at higher Ts. The AFM ordering remains in the vacuum-
grown NTO thin films but disappears in the vacuum-grown
LTO thin films. In addition, the transport behavior of the
metallic thin films deviates from the 72 law, and a steep drop
of the effective carrier density, and concomitantly a drastic
increase of Hall mobility, has been observed at low tempera-
tures. We find that the temperature dependence of resistivity
for the metallic films can be described by a small-polaron
coherent conduction mechanism.
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