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Disorder and localization at the LaAlOQ;/SrTiO; heterointerface
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Through low-temperature electrical transport and magnetotransport, we investigate the role of disorder on
the metallicity at the (001) LaAlO3/SrTiO; heterointerface. We observe a trend of reduced mobility in higher
sheet carrier concentration samples, and therefore speculate that disorder and carriers are introduced concomi-
tantly in purely polar instability-induced metallic interfaces. Magnetotransport distinctly reveals stronger spin-
orbit interaction in higher carrier concentration samples. The competition between spin-orbit scattering and
inelastic scattering is explored through a temperature dependence study of the magnetotransport.
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The discovery of quasi-two-dimensional (2D) metallicity
in (001) LaAlO;/SrTiO; (LAO/STO) heterostructures' has
generated significant amount of research to understand the
origin of the metallicity. It is now generally agreed upon that,
under appropriate deposition conditions, the metallicity is
due to carrier redistribution at the interface and not oxygen
defects in the STO substrates.>™ A superconducting state has
been demonstrated by some!® whereas long-range
magnetism>!! and magnetic inhomogeneities'* have been
suggested by others. As low-dimensional materials are more
susceptible to localization effects at low temperatures arising
from disorder,! the presence and role of disorder must be
taken into account when discussing the ground state of the
heterointerface. The range of behaviors in ostensibly identi-
cal LAO thin films grown on single crystal STO substrates
by different groups®~'# is an indication that the heterointer-
face may be subject to the effects of other kinds of disorder
besides oxygen vacancies.

Previous magnetotransport studies showed in-plane mag-
netoresistance (MR) values ranging from a few percent (both
positive and negative)®'3 to as large as —60% (Ref. 11) in a
field of a few teslas. Given the variation in these results
alone, there is a need to identify possible origins and effects
of disorder to relate findings from different studies. In elec-
trostatically gated LAO/STO samples, interfacial electronic
properties can be modified presumably independent of
disorder. A number of groups have fabricated field-effect de-

vices of LAO/STO, modulating the electric field at
the interface to explore interfacial insulator-metal
9,10,12,13

transition,'® superconductivity, and Rashba spin-orbit
interaction.'>!3 The tunability of superconducting transitions
have been attributed to changes in carrier concentration’-!' as
well as mobility.! Moreover, independent of electrostatic
doping, the thickness of the LAO film has also been sug-
gested to be an important parameter that affects carrier
transport.'” However, a detailed study of the relationship and
competition between disorder and carrier concentration is
still lacking.

In this paper, we report the relationship between the de-
gree of disorder and sheet carrier concentration at metallic
LAO/STO interfaces arising from polar interface instability.
From low-temperature Hall effect measurements, we find
that the introduction of carriers is accompanied by an in-
crease in static scattering centers near the interface. Magne-
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totransport measurements at low temperatures with the mag-
netic field parallel to the interface on a series of LAO films
grown on STO substrates reveal a competition between weak
localization and antilocalization effects. Spin-orbit interac-
tion appears to be greater in samples with higher sheet carrier
concentration. Enhanced spin-orbit coupling and the aniso-
tropy between in-plane and out-of-plane magnetotransport
are properties unique to the 2D metallic channel, not readily
attainable in bulk electron-doped STO.

LAO films of thicknesses ranging from 1.6 to 14 nm were
deposited on TiO,-terminated single crystal (001) STO sub-
strates at 700 °C and in 2.5X 107 Torr of oxygen by pulsed
laser deposition. A KrF laser was pulsed at an energy density
of approximately 1.4 J/cm? at 2 Hz. A combination of x-ray
reflectometry and Rutherford backscattering spectrometry
was used to measure film thicknesses. All of the electrical
transport measurements were performed in the van der Pauw
geometry with the applied field perpendicular (out of plane)
and parallel (in plane) to the interface. For in-plane magne-
totransport measurements, the field was applied at 45° to the
sample edge directions of [100] and [010].

We use LAO film thickness as a means to achieve
samples with varying sheet carrier concentration values. Fig-
ure 1(a) shows the sheet carrier concentration at 275 K as a
function of thickness. The thinner films generally have lower
sheet carrier (electronlike) concentration for LAO film thick-
ness values up to 5 nm, above which the sheet carrier con-
centration appears to saturate.

Electrical transport data at 3 K show a general trend of
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FIG. 1. (Color online) (a) Sheet carrier concentration (ng) at 275
K of heterointerfaces of different LAO film thickness. (b) Mobility
(ug) versus sheet carrier concentration at 3 K of the different
samples.
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TABLE 1. Summary of sheet carrier concentration (ng), Hall
mobility (uy), and estimated mean free path (\) at 3 K, as well as
LAO film thickness (¢) of samples A-D.

ng M A t
Sample (cm™) (cm?/V s) (nm) (nm)
A 3.65x 1013 203 20.3 11
B 2.92x 1013 273 24.4 13.5
C 2.63x 1013 393 33.3 5
D 1.63x 103 1052 70.2 4

decreasing electron mobility with increasing interfacial sheet
carrier concentration [Fig. 1(b)]. At low temperatures where
inelastic scattering is minimized, the mobility is a measure of
the degree of disorder associated with static elastic scattering
sites for carriers. Our mobility values are comparable to
those observed by other groups.®!'®!L1819 These values are
considerably less than those of bulk electron-doped STO
crystals, ranging from ~1000 to 5000 cm?/V s for oxygen
vacancy doping and ~3000 to 20000 cm?/V's for Nb
doping.”’ The lower interfacial mobility values obtained in
the LAO/STO heterointerfacial metallic channels suggest
that the effects of disorder must be considered.

The increase in sheet carrier concentration coincident
with a decrease in mobility, and hence an increase in disor-
der, suggests that the generation of carriers is associated with
a greater amount of scattering centers or enhanced scattering.
The carrier concentration and mobility values govern the
low-temperature transport behaviors and therefore will be
used herein to refer to the different samples. Specifically we
focus on four samples (A-D) labeled in Fig. 1(b), and some
of their parameters are listed in Table I.

Low-temperature transport data of samples A-D reveal
upturns in sheet resistance that are more pronounced and
occur at higher temperatures in samples with higher carrier
concentration (Fig. 2). In this temperature regime, the higher
carrier concentration, lower mobility samples are more resis-
tive. Both weak localization’ and Kondo scattering® have
been invoked to explain the existence of such sheet resis-
tance minima. Whereas the sheet resistance values and the
magnitude of the sheet resistance upturn appear to vary sub-
stantially from sample to sample, the values for the correc-
tion to conductance, [RS"—Rg(T)]/R§"R(T), of all of the
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FIG. 2. (Color online) Temperature-dependent sheet resistance
of samples A-D.

PHYSICAL REVIEW B 82, 165413 (2010)

(a) - A
=B
—=C

== D)

80k -40k 0 40k 80k
Field (Oe)

, log(MR,,)
5

L5+

0.9 206 03 0.0
log (uumoH)

MR (%)

oF

80k 40k 0 40k 80k
Field (Oe)

FIG. 3. (Color online) (a) Out-of-plane MR of samples A-D at 3
K. (b) Kohler plot for sample D at 3 K and the corresponding fitting
parameters. (c) Out-of-plane MR of sample A at 2 and 12 K.

samples are on the order of —pe?In 10/7h=-5.7
X 107 Q7! per decade for p=2. Although the curves of the
quantum correction to conductance do not have a strict loga-
rithmic dependence on temperature, as would be expected
for weak localization, localization phenomena cannot be
completely dismissed in describing the low-temperature
electrical transport data. In fact, electron-electron correlation,
spin-orbit interaction, and possible long-range ordering may
account for the deviation from a purely logarithmic tempera-
ture dependence.

Magnetotransport measurements provide additional in-
sight into the role of disorder and localization effects, espe-
cially important in low-dimensional systems such as the
LAO/STO heterointerface. Figure 3(a) shows the MR curves
at 3 K with the magnetic field applied normal to the sample
plane. The positive MR is attributed to orbital effects, often
called ordinary MR. We expect the ordinary MR to follow
Kohler’s rule: MR=F(H/p)= F'(uH), where H is the mag-
netic field, p is the sample resistivity, and F and F’ are
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monotonic functions. Indeed, the positive MR becomes
larger with increasing field and in higher mobility samples. A
Kohler plot can be made using MR values that are symme-
trized with respect to applied field (MR, .(H)=1/2[MR(H)
+MR(~H)]). Such is common practice, and it is valid here
because the asymmetry of the MR in positive and negative
fields is due to geometric, not intrinsic, effects. In addition,
despite the seemingly high fields applied, we find that w,7
=upmoH <1, indicating that we are in the low-field limit.
Experimentally, the ordinary MR is commonly found to be of
the form w(uyuoH)?. To be as general as possible, we allow
both « and S to be fitting parameters. Figure 3(b) shows a fit
to the MR of sample D at 3 K for data from 20 to 70 kOe for
k=0.49 and B=1.98. The scaling of the out-of-plane MR to
the mobility-field product leads us to believe that ordinary
orbital effects are indeed dominant.

A zoomed-in view of the MR of sample A, which has the
highest carrier concentration, at 2 K shows a deviation from
parabolic field-dependent behavior in the form of a cusp at
lower field values [Fig. 3(c)]. This cusp suggests the onset of
an additional contribution to the MR that disappears at
higher temperatures, and is most evident in sample A partly
because it has the lowest mobility and therefore the lowest
ordinary MR.

Magnetotransport with the applied field parallel to the in-
terface enables us to separate out orbital effects from the
MR. There appears to be no ordinary MR contribution [Fig.
4(a)] for all of the samples. The suppression of the ordinary
MR contribution suggests that the thickness of the interfacial
metallic layer is within one carrier mean free path. Using an
isotropic, parabolic band approximation, we estimate the
mean free path of sample A at 3 K, for example, to be 20.3
nm (Table I). Because the ordinary component to MR is
suppressed, other contributions can be isolated and therefore
become more discernible. Moreover, the MR anisotropy il-
lustrates the quasi-2D nature of metallicity at the LAO/STO
interface. Examining the MR curves of Fig. 4(a), we see that
there are two regimes, a positively sloped MR portion in
lower fields and negatively sloped in higher fields, resulting
in a local MR maximum. Note that the low-field positive
component is barely visible in sample D, which has the low-
est carrier concentration. Figure 4(b) shows that the in-plane
positive MR contribution increases with decreasing tempera-
ture and is most likely linked to the cusp observed in the
out-of-plane MR of sample A at 2 K [Fig. 3(c)].

The existence of a quasi-2D electron gas suggests the
presence of band bending at the LAO/STO interface that can
provide for electron confinement. Possible origins include
the presence of some form of interface charges and chemical
bonding effects at the interface. Band bending that would
result in an interfacial mobile electron channel necessitates
the possible interface charges be positive. We consider spe-
cifically the possibility of trapped interface charges on the
LAO side of the heterojunction and their origin. Beyond the
critical thickness of the LAO film of four unit cells for an
insulator-metal transition,? the LAO valence band edge be-
comes lower than the conduction band edge of STO, and
electrons tunnel from the LAO to the STO side, where they
can become mobile. Here the LAO is considered to be the
source of carriers, manifested in the presence of immobile
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FIG. 4. (Color online) (a) In-plane MR of samples A-D at 2 K.
(b) In-plane MR of sample A at various temperatures. (c)
Temperature-dependent crossover field (H*), as defined in the text,
in the in-plane MR of sample A.

holes on the LAO side. The formation of hole polarons has
been considered and thought to be likely in related oxides.?!
Localized holes in LAO near the interface can enhance band
bending at the heterojunction, thus confining the electron
channel to be quasi-2D. At the same time, these holes can
also act as scattering centers that limit the magnitude of car-
rier mobility and may be the relevant form of disorder here.

The assumption of localized holes in LAO being the
source of carriers at the interface as well as elastic scattering
centers accounts for the observed trend of higher carrier con-
centration accompanied by reduced mobility in thicker films
[Fig. 1(b)]. When the film thickness becomes larger than the
physical extent of band bending on the LAO side, the carrier
concentration levels off with further increases in film thick-
ness, thus explaining the saturation of carrier concentration
for film thicknesses greater than about 5 nm [Fig. 1(a)]. We
emphasize that other forms of interfacial charges and any
interfacial bonding effects?? can also directly influence inter-
facial band bending and can readily be incorporated into our
description.

The upturn in sheet resistance and the in-plane MR curves
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may be explained by weak localization effects. We speculate
the negative MR observed in sample D, for example, to be
attributed to weak localization, to which all 2D materials
with any degree of disorder are susceptible.'> The positive
ordinary MR contribution for this sample [Fig. 3(a)] for the
field applied out of plane conceals the negative contribution
due to localization effects; this negative contribution be-
comes visible when the field is applied in plane [Fig. 4(a)].
As the carrier concentration increases from sample D to
sample A, a positive in-plane MR component gradually
emerges [Fig. 4(a)]. We will refer to the field corresponding
to the positive local maximum in the in-plane MR as H*. A
crossover from positively to negatively sloped MR similar to
that exhibited by sample A below 12 K has been observed in
a number of 2D disordered metals with crossover fields as
high as ~10 kOe in Bi films?® and greater than 25 kOe in
Au films.?* This feature is attributed to antilocalization ef-
fects due to increasing spin-orbit interaction®2¢ from sample
D to A. Although STO does not contain particularly heavy
elements, spin-orbit interaction can be strengthened by het-
erointerfacial and surface electric fields.?”-?® For the metallic
LAO/STO heterointerface arising from polar instability, the
interfacial electric field is enhanced by the accumulation of
mobile electrons on the STO side and perhaps trapped holes
on the LAO side, resulting in large spin-orbit coupling.
Caviglia et al.'® reported similar H* values over a range of
gate voltages at 1.5 K; since the mobility value, as deduced
from the reported electron diffusivity, of their sample at zero
bias is comparable to that of sample A, the spin-orbit scat-
tering times 7, should likewise be comparable.
Quantitative extraction of 7, and the electron dephasing
time 7, our of samples is complicated by the lack of a pre-
cise measurement of the exact metallic channel thickness.?®
Regardless, the temperature dependence of MR allows for
comparison of the relative rates of spin-orbit and inelastic
scattering. We expect the dominant carrier dephasing mecha-
nism to be inelastic scattering. Antilocalization effects are
visible when 7, is less than the inelastic scattering time 7;,,
and therefore disappear at higher temperatures, as in Fig.
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4(b). For sample A, this crossover occurs at about 12+2 K,
below which the spin-orbit scattering rate is higher. To
clearly show this progression of MR, we plot H* with respect
to temperature in Fig. 4(c).

The interdependent generation of carriers on the STO side
and disorder near the interface appears to be a defining fea-
ture in intrinsic polarity-induced (001) LAO/STO interfacial
metallicity. Our results show an inverse relationship between
carrier concentration and mobility, thus suggesting that
among our samples the higher sheet carrier concentration
metallic channels either are thinner spatially or contain more
scattering centers. Our hypothesis of localized interfacial
holes can be reconciled with both possibilities. However, the
dependence of the dielectric constant of STO on carrier con-
centration and interface electric field cannot be ignored and
needs to be examined for a more complete description.

In summary, we have reported an inverse relationship be-
tween carrier concentration and mobility, which we speculate
to be a defining characteristic of the concomitant generation
of carriers and disorder at metallic LAO/STO interfaces in-
duced by polar instability. The transfer of electrons from the
LAO side leaves localized holes that can be a source of en-
hanced interfacial band bending as well as scattering centers
for carrier electrons in the metallic channel. In-plane MR
measurements reveal larger spin-orbit coupling in higher car-
rier concentration samples. The interplay between disorder
and carrier concentration, and in turn the strength of spin-
orbit interaction, is expected to be crucial in the stabilization
of different low-temperature interfacial phases at the LAO/
STO heterointerface.
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