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Stoichiometric SrTiO; (STO) is a wide band-gap insulator in which oxygen deficiency generates a low-
temperature metallic ferromagnetic state. Here, we report weak ferromagnetic-like and metallic transport in
oxygen-deficient bicrystal of STO with a low-temperature electron mobility and surface carrier density of
2800cm?V~!s~! and 3.500 x 10' cm~2, respectively. Moreover, we show that magnetotransport behavior
in the bulk and across the grain boundary (GB) in STO single crystals are significantly different. In the
bulk, our magnetotransport results agree with those reported in the literature. Importantly, low-temperature
magnetotransport across the GB shows a disorder-induced metal-insulator transition, and it is modeled as a
quasi—two-dimensional system below 10 K that accounts for weak localization (WL), supported by electron-
electron, electron-phonon, and Hikami-Larkin-Nagaoka (HLN) quantum interference models. The HLN model
accounts for realistic length scales: the dephasing length L, and the spin-orbit (SO) scattering length Lso, which
are comparable to the electron mean-free path, resembling the surface-conducting nature across the GB. Our
experimental work shows the importance of structural defects in the interpretation of magnetotransport in SrTiO;

and shows that WL is concurrent with a double Schottky barrier at the GB interface.

DOI: 10.1103/PhysRevB.107.104401

I. INTRODUCTION

SrTiO; (STO) is a promising material or substrate for oxide
electronics as it has tunable electrical properties [1-6]. STO
has a perovskite unit-cell structure, which in stoichiometric
bulk form has an indirect band gap of 3.2 eV separating the
2p(0) valence band and the 3d(Ti) #,, conduction band [7].
Electron doping via Nb (wt 0.1%) results in metallic electron
transport as well as optical transparency. Metallic-like elec-
tronic conduction in the bulk can be achieved by annealing
under vacuum at high temperatures or under high-intensity
UV light irradiation, which creates surface oxygen vacancies.
Oxygen vacancies in STO also lead to magnetism [8—11].

Oxygen vacancies in STO are common point defects. They
generate fascinating physics since their density and distribu-
tion lead to tunable magnetic and electric properties [12—14].
When oxygen is removed from STO, the formation of a neu-
tral defect is balanced by the creation of two mobile electrons
[2,8,10,15,16]. An isolated vacancy can thus be treated as a
hydrogenic double donor in which the magnetic moment is
present for particular electron or oxygen vacancy concentra-
tions [3,17]. It has been shown that the arrangement of the
neighboring vacancy sites as monovacancies or multivacan-
cies, charge-carrier density, and vacancy-vacancy interactions
define the magnetic interactions in STO [3,18]. Removal of
the oxygen alters the hybridization of the Ti orbital via dis-
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tortion of the oxygen octahedra. In the perovskite structure of
STO, O?~ anions bond to Sr?T cations at the cube vertex and
Ti** cations at the cube center. In an optimally oxygenated
unit cell of STO (lattice parameter 3.94 A), the Ti cation is
sixfold coordinated with the anions forming an octahedron.
The highest solid-state occupied bands contain 18 electrons
primarily in oxygen p orbitals hybridized with both cation
orbitals. The lowest unoccupied bands are composed of Ti
3d 1y, states yielding an indirect band gap. In addition, the
removal of the oxygen from the structure results in strong
Jahn-Teller distortion in STO where its crystal symmetry and
configurational energy are reduced [3,19,20]. Lowering crys-
tal symmetry leads to a local expansion of the volume of ~1%,
a tilting of the oxygen octahedra, and an increase of the Ti-Ti
distance upon the formation of a new o bond at the vicinity
of the vacant oxygen site. In this respect, the local elec-
tron correlations between the neighboring oxygen-deficient
sites, and the structural rotation of the oxygen octahedron
along with free charge-carrier density determine the nature
of magnetism in STO. Bezanilla et al. extended the mono-
and multivacancy description of magnetism to the charged
clusters of oxygen vacancies for various geometries in which
permanent magnetic moments can be observed depending on
the charge-carrier density [3].

Experimentally, superconductivity [21], metal-insulator
transition [9], colossal positive magnetoresistance [14], sur-
face magnetism [17,22], blue-light emission [23], and giant
photoconductivity [24,25] have been observed in reduced
STO in bulk, thin film, single crystal, and two-dimensional
(2D) electron gas heteroepitaxial structures with LaAlO;
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(LAO) [26]. Moreover, oxygen stoichiometry has a significant
role in the stabilization and tunability of the antiferrodistortive
and ferroelectric phases in STO [27].

The above discussion demonstrates the significant role
played by oxygen-related defects in determining the optical
and magnetoelectrical properties of STO. Magnetotransport
in STO and LAO/STO is important for oxide electronics and
can be related to colossal spin-orbit coupling, Rashba spin-
orbit interaction, and weak localization [28,29]. However, the
general nature of defects in STO is not limited to oxygen
vacancies [22,30,31]. It has been shown that Sr vacancies [30],
Ti antisites in STO [32], point defects, dislocations, and grain
boundaries (GBs) with broken translational symmetry can
alter the couplings between spin, lattice, and charge degrees
of freedom.

However, and despite the existence of extensive literature
on atomic vacancy (mostly oxygen) defects, there is limited
literature on other types of structural defects such as grain
boundaries. Bicrystals host a single-GB between two grains
with controlled crystal orientations [15,27]. Broken symmetry
at a GB can generate properties that are absent in the bulk
owing to a coupling between lattice, spin, and electronic de-
grees of freedom. More often, studies on this topic highlight
anomalous electrical transport and magnetic effects near the
surface or at the heteroepitaxial interface in LAO/STO struc-
tures. In this regard, studies that can distinguish the role of
oxygen vacancies from other types of structural effects are
much needed to understand the role of oxygen vacancies on
the surface-transport properties of STO.

In this study, we used a reduced STO bicrystal with a
[001] symmetric single-tilt grain boundary of 18.4° to study
electrical transport properties of a controlled structural disor-
der. We were able to distinguish magnetotransport in the bulk
of STO from across the GB interface. Our magnetic charac-
terization on reduced STO shows magnetic coercivity at all
temperatures; and noticeable coercivities were detected below
10 K, an indication of weak ferromagnetic-like behavior. The
resistance versus temperature [R(7)] in zero magnetic field on
bulk STO shows metallic behavior over the entire temperature,
T, range investigated, R(T) is dominated by electron-lattice
(in high T) and electron-electron (in low 7) scattering. with
a magnetic field H applied, magnetoresistance [R(T, H), H :
49 T] of the bulk exhibits similar metallic-like behaviour,
but changes from quadratic at high 7 to a combination of
weak quadratic and strong linear signals at low 7, a behavior
that was understood by the scattering of the accumulated
inhomogeneities due to oxygen vacancies in reduced bulk
STO. On the other hand, our comprehensive work across the
GB of STO shows a metal-insulator-transition (MIT) around
10 K. In this regard, the GB in the studied bicrystal along with
the large density of oxygen vacancies leads to electronic disor-
der, which provides the necessary condition for WL. The WL
driven by the accumulating inhomogeneities across the GB is
found to be concurrent with a double Schottky barrier (DSB).

II. EXPERIMENTAL DETAILS

Bicrystals with a [001] symmetric-tilt grain boundary of
18.4° are used in this study (Surface Net GmbH). X-ray
photoelectron spectroscopy (XPS) measurements on these

bicrystals do not show evidence of magnetic impurities. The
bicrystals are annealed in vacuum (~107°Torr) for 3 h at
750 °C to reduce oxygen. Electrical resistance within the bulk
and across a GB are measured using a closed-cycle phys-
ical property measurement system (Cryogenics Ltd.) using
a four-point method with a nanovoltmeter. Connections are
made using 25-um-diameter Al wires. Magnetic properties are
measured by SQUID-VSM, Quantum Design.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a schematic illustration of the
bicrystal STO with the four-probe transport measurement
configuration. The location of the GB is shown as the solid
line in the sketch of the bicrystal, and based on the location of
the line we define our four-probe measurement configuration
for the bulk [Fig. 1(a), left] and across the GB [Fig. 1(a),
right]. Figure 1(b) shows an XPS scan with Sr, Ti, and O at the
expected binding energies [33,34]. Note that no peaks were
observed at the expected binding energies for Fe, Co, and Ni;
an indication that our crystal has no magnetic contaminations
within the accuracy of the measurement setup. The R(7) in
Fig. 1(f) shows a metallic-like (dd—ﬁ > 0) behavior between 2
and 300 K in agreement with literature [1,34-39]. A strong
drop in R(7T) in cooling down to around 10 K, and then
the metallic-like behavior r shows a weaker T-dependence
down to 2 K, suggesting different transport mechanisms
taking place at low T [1,37-39]. R(T) is well fitted by (i) the
classical metallic Fermi-liquid model that accounts for the
electron-electron scattering with a quadratic 72 model in the
range 2-50 K [40], and by (ii) stronger metallic 7% model
in the 50-300 K range, accounts for lattice scattering. The
whole T range is well fitted to:

R(T) =Ry + R T* + R, T*, (D

where Ry is the positive resistance as 7 — 0 [1,41]. The last
term in Eq. (1) outlines the high temperature behaviour of
R(T), which drops fast in cooling, suggesting a stronger T
term that leads to o > 2. The power « has been reported
broadly in the literature between 2 and 5 [1,37]. A precise
routine fit to the whole T range should account for the small
low-T fitted region (2K < T < 50K) in comparison to the
high-T (50K < T < 300K) region. By taking each T range
individually, o converges to 2.89, close to « ~ 3; this value
suggests lattice scattering with carriers [37,40]. Fixing o =
3, an acceptable fit (in H = 0) is shown in solid (red) line
in Fig. 1(f), with free converging parameters, Ry, R, and
Ry to 6.89 x 1073 £ 1.11 x 107%Q, 2.45 x 107> +2.70 x
1077 Q/K?, and 6.91 x 1077 +2.26 x 10~° /K3, respec-
tively. Sheet carrier density (nyp = % where R,, is Hall
¢RH,
resistance, H, is the perpendicular magﬁetic field to the cur-
rent, and e is the charge of the electron) and mobility [u =
ﬁ, where R, is the resistance from Fig. 1(f)] on the
bulk ‘side of the crystal were in close agreement with pre-
vious reports [34,37-39,41]. Hall data were collected in the
bulk of STO with the magnetic field H perpendicular to the
crystal surface and the electrical current. nyp(7') and pu(7) are
shown in Figs. 1(d) and 1(e). nyp slightly drops in cooling and
plateaus below 10 K to approximately 3.5 x 10'¢ecm=2 (3.5 x
10" cm~3). Note that the reported carrier-density values and
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FIG. 1. Schematic diagram of the STO single crystal; the actual dimension of STO is 4.0 mm x 2.5mm x 1.0 mm. Sketch shows two
modes of transport for the four wire configurations: (left) bulk measurements with current and voltage on one side of the crystal; and (right)
GB measurements across the crystal mismatch boundary with positive terminals IV on one side, and negative terminals /~V ~ across the GB.
(b) Wide-scan XPS on one side of the bulk of STO showing Sr, Ti, and O intensities at the right positions. Green, red, and blue lines mark the
positions of the Fe, Co, and Ni (which are absent). (c) Magnetic field dependence of magnetization on GB STO crystal for pristine (gray open
square), reduced (black open circle), and ferromagnetic (red line). Ferromagnetic signal is after subtracting high-field negative diamagnetic
susceptibility from the reduced. Temperature dependence of 2D carrier density in panel (d) and mobility in panel (e) were extracted from Hall
measurement on the bulk side of STO as explained in the text. (f) Temperature dependence of the resistance of the bulk (solid circle) and the
GB (open circle) in zero magnetic field. The solid red line is the fit to Eq. (1).

temperature dependence shown here are in agreement with ex-
isting literature [34,37-39,41]. On the other hand, the mobility
values are almost constant below 10 K (=2800cm? V~!s™1)
and decrease significantly in warming as lattice vibration
scattering dominates in high temperatures [38,39,42,43].
Moreover, u(T) shows no anomalies around 105 or at 40 K,
cubic to tetragonal, and ferroelectric transitions, respectively
(see for example Refs. [44,45]). Moreover, transport mea-
surements in the van der Pauw configuration were performed
in the bulk STO and showed almost identical data to those
in Figs. 1(d)-1(f), indicating isotropic electronic properties
across the surface of bulk STO. Note that, data were collected
on both sides of the crystal away from the GB line considering
the bulk only, and the reported results above in Figs. 1(b),
1(d)-1(f) are reproducible for surface and transport analyses.

The behavior of R(T) across the GB [Fig. 1(f), open sym-
bol] is interesting and deserves more investigation. At 300 K,
the resistance is higher than the bulk; in cooling, R(7) shows
a metallic-like trend (similar to the bulk) down to ~10 K
where a MIT occurs, suggesting a different type of conduction
mechanism at low temperatures. At temperatures lower than
the MIT, R(T) continues to increase (insulating-like, Z—’; <
0), which is an indication of semiconducting-like behavior.
The insulating-semiconducting upturn in the GB resistance

curve below 10 K suggests carrier localization. MIT could be
understood in terms of different models; Kondo effect, Efros-
Shklovskii (ES) variable range-hopping (VRH) localization,
Mott-VRH localization, 3D, and 2D weak localization (WL)
[40,43-46]. Kondo effect is ruled out as low T R(T) curves
could not be described by In(7y/T), where Tj is a constant.
Strong ES VRH and Mott localization in low T in GB are
ruled out as well since R(T) does not strongly change in
low-T region as characterized by the exponential of the form
e/ where Ty is a characteristic temperature, and m is
a unique exponent that distinguishes Mott (m = 1/3) from
ES (m = 1/2) [47,48]. WL scenarios are possible and need
further investigation, and as one would expect, turning on H
at this point provides valuable information to understand the
electrical properties of the bulk and across the GB in the WL
mode, as discussed below [in Figs. 2(b) and 2(c)].

A crucial point to discuss before investigating electrical
transport with H, Fig. 1(c) shows the magnetic-field depen-
dence of magnetization M(H) at 2 K on GB for the as-received
(pristine) crystal; M(H) resembles typical diamagnetic
behavior (in open gray square). Figure 1(c) also shows M(H)
after reducing STO (in open black circle) at the same T.
The M(H) signal for the reduced STO has two components:
(i) a weak hysteretic ferromagnetic-like component below
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FIG. 2. Temperature dependence of resistance on (a) the bulk and on (b) the GB for STO at the displayed magnetic fields. (c) Temperature
dependence of the conductance G (« 1/R) for bulk (solid circle) and GB (open circle) configurations. Low-7 and high-T fits on the G(T) GB
curve are shown in dashed (blue) and dashed-dotted (green) lines as explained in the text. Solid (red) lines on the bulk and the GB curves are
the total fits as clarified in the text. (d) The low-T current-voltage curves (I — V') on the GB configuration, and the nonlinearities on the 2, 4,
5, and 6 K curves are scaled by the coefficient o as explained in the text. Inset to (d) is the / — V curves on the bulk side of STO in the same

temperature range of GB.

0.15 T, and (ii) a diamagnetic component at higher H. To
look closely into the ferromagnetic signal, we separate these
components as shown in the red-line data in Fig. 1(c). The
weak hysteretic ferromagnetic-like component is more promi-
nent, with coercivity of (Hc) ~ 11 mT at 2 K. Moreover,
coercivities were detected at all temperatures up to 300 K
(data not shown); for example, Hc at 5 and 300 K are 9
and 4 mT, respectively, in agreement with STO bulk liter-
ature [49,50]. It is worth mentioning here that reannealing
the crystal in oxygen gas at 1-bar pressure diminished the
magnetic behavior completely. Such observation rules out
all possibilities of magnetic contamination during the an-
nealing process. Magnetism in STO is a much-debated topic
(see for example Refs. [17,49,50]). Both intrinsic and ex-
trinsic (impurities) magnetism have been demonstrated and
continue to attract much attention [3,17,21,48-52]. Oxygen
vacancies in STO are broadly thought to play a vital but as
yet incompletely understood role in many observed magnetic
phenomena [3,17,21,50-52]. Density-functional theory cal-
culations suggest that Ti cations neighboring the oxygen
vacancies [18,53], or oxygen vacancies alone can host small
localized moments in STO [54]. The wave functions of elec-
trons between neighboring oxygen vacancies sites overlap,

and crystal-symmetry changes in the perovskite octahedral
structure due to the removal of the oxygen anion determine the
magnetic state of the two Ti atoms on both sides of the oxygen
vacancies. In other words, the magnetic state of the structure
is determined by Ti-broken bonds that lead to much-localized
d states in the gap of the insulating host. If one considers that
oxygen vacancies cluster either in the bulk or surface, the total
exchange coupling of two Ti bonds facing each other across
every oxygen vacancy site is strong and may lead to measur-
able surface magnetism [38,50]. We would like to emphasize
that magnetometer measurement is a volumetric probe over
the entire bicrystal and hence, the magnetism of bulk and the
GB are indiscernible; for this, we investigate electrical and
magnetic properties by measuring local R(T', H).

Figure 2(a) shows R(7) in the bulk of the bicrystal with H
(0 to 9 T), in the high-T region (50-300 K) metallic-like T’
dependence with relatively small magnetoresistance changes
has been observed, suggesting the same conduction mecha-
nism. At ~50 K, the curves bifurcate for different H showing
a weaker metallic T dependence and higher resistance below
10 K, however, maintaining the same overall behavior of
zero-field curve up to 3 T. R(T) in 0 to 3 T could be fitted
with a model that was proposed above in Eq. (1). The fitting
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FIG. 3. Magnetoresistance MR(%) vs applied magnetic field on bulk STO in (a) 100 and 50 K, and in (b) 20, 5, and 2 K. MR (%) vs H
on the GB STO in (c) 10, 8, and 7 K, (d) 6 K, (e) 5 and 4 K, (f) 3 and 2 K. Solid (red) lines in (c)—(f) are the fit to Eq. (3) as described in the
text. Temperature dependence of extracted parameters from Eq. (3): (g) WL term A, and (h) phase-coherence length (Ly) and spin-orbit length

(Lso)-

is reinforced again below 50 K as shown in Fig. 2(c), where
we show a zero magnetic field exemplary curve in a solid
(black) circle, but now plotting the conductance G (G = %)
instead, as a function of T in this low-7 region. The solid
(red) line fits G(T) very well considering the electron-electron
scattering (Gee1/T?) model in this range as described above.
Figure 2(a) shows a slight minimum anomaly in R(7) curves
above 5 T, followed by slightly higher resistance in cooling,
and the curves again develop metallic-like behavior in cooling
to 2 K. This high-field driven (>5 T) irregularity does not
resemble localization effect similar to GB discussed above in
Fig. 1(f), as it is followed immediately by metallic behavior in
cooling down to 2 K. The origin of this minimum is attributed
to competition in the mobility in the low- and the high-T
regions when the magnetic field is present as described by Liu
et al. [35]. Our data show a similar trend with less pronuncia-
tion because our STO carrier density is one order of magnitude
less than what Liu ef al. have reported (~10'8 cm~3) [35].
The temperature dependence of the resistances measured
in various magnetic fields [R(T', H)] across the GB are shown
in Fig. 2(b). R(T, H) shows metallic behavior in cooling from
room temperature; curves coincide down to 30 K, followed
by the minimum at around ~10 K. This transition can be
attributed to the thermal activation of a conduction mechanism
that will be discussed further below. By applying a magnetic

field, the overall behavior of R(T, H) does not change sig-
nificantly; however, R(T, H) curves are spaced in the range
11 to 7 K and the spacing becomes less noticeable below
7 K. A close-up look into a detailed magnetoresistance anal-
ysis R(T, H) below 8 K is coming in Fig. 3. In order to
understand this MIT and the conduction mechanism below
10 K, low-T G(T) for GB in O T is shown in Fig. 2(c) as
an example in open black circle. A metallic regime that is
followed (in cooling) by an upturn on R(7) is usually
attributed to the 2D WL quantum interference, where the con-
ductance shows a logarithmic temperature dependence of the
form G(T) = Gy + 2’;;:2 ln(%), where Gy is the conductance
as T — 0, p is the power of the quantum scattering-length
factor, and T is a constant related to the transport mean-free
path [40]. However, such a 2D model failed to fit low-T
G(T) across the GB. On the other hand, G(T) below 10 K is
described by three-dimensional electron-electron interaction
and WL terms given by

G(T) = Gy + mT"? + BT">. )

The first term is the T — 0 value of G, the second term
describes the electron-electron quantum overlapping, and the
third term designates the WL corrections in this low-7" win-
dow [40,55]. The parameters m and B measure the strength
of electron-electron overlapping and WL effects. p, on the
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other hand, is the T exponent of the inelastic scattering length,
with p = 1 describing the main inelastic relaxation mecha-
nism which is due to electron-electron collisions, while p = 3
resembles electron-phonon scattering [40,56]. An initial rea-
sonable fit is obtained using Eq. (2) in 2-15 K across the GB in
zero field; data pick p close to ~3, indicating dephasing lim-
ited by electron-phonon scattering. Thus, fixing p = 3, Gy, m,
and B were allowed to vary and a good description fit is shown
by the dashed blue line in Fig. 2(c). The free fitting parameters
Gy, m, and B results are 1.342 Q! —0.673 Q! K~1/2, and
0.083 Q7' K=3/2, respectively. At temperatures higher than
the MIT across the GB, the classical electron-electron scat-
tering fits the data as shown by the dashed-dotted (green)
line in Fig. 2(c). The low- and the high-T distinct fits cross
at ~10 K, coinciding with the experimental MIT. A total fit
that describes the GB G(T) in the 2-50 K range is obtained by
adding the two models, Eq. (2) and the T2 term from Eq. (1);
a satisfactory fit is shown by the solid red line in Fig. 2(c). We
should mention that although Fig. 2(c) shows one example
of zero magnetic field measurement, the same quality fits are
obtained when the magnetic field is applied.

Electrical transport elucidates essential information across
the GB by investigating the current—voltage (I — V) relation
as shown in the main panel in Fig. 2(d), while those in the
bulk are shown as an inset in Fig. 2(d). I —V on the bulk
are ohmic in the temperature range of 2-10 K, while / — V
curves show nonlinearity across the GB. In general, the cur-
rent is proportional to the power of the applied voltage, which
is characteristic of space-charge-limited conduction through
the I = V¢ relationship, where « is the nonlinearity coef-
ficient, which indicates information about the conduction
mechanism of the material. The strength of the nonlinearity
coefficient o decreases as the temperature increases, from
a=2.1at2 K toa=1.3 at 6 K; then, it becomes ohmic
(¢ =1) above 6 K as the MIT is approached. The origin
of nonlinearity in / —V curves is accredited to the DSB,
where the cationic Sr and Ti vacancies are hoarded near the
GB [57-59]. DSB becomes weaker as the temperature in-
creases (« decreases as temperature increases), and just before
approaching MIT these vacancies are compensated by the
naturally existing oxygen vacancies available in the bulk and
around the GB, signaling the disappearance of the nonohmic
behavior, similar to the bulk [inset in Fig. 2(d)].

Theoretical calculations, atomic structure analysis, and
light-emission observations on defective STO pointed to the
formation of antiferrodistortive regions, the possibilities of
nonstoichiometric structure, and hence the density of the oxy-
gen vacancies increases at the GB [27]. On the other hand, the
WL is related to the naturally accumulated oxygen vacancies,
which allows the stability of polaronic local moments trapped
in the vacancy site as heavily discussed in the Introduction.
Such polarons are coupled in the conduction band, and the
strength of the coupling increases with the local lattice distor-
tion and the presence of strain near the GB [15,26,31,32,58—
62]. To summarize, the occurrence of (i) ferromagnetic-like
coercivity in M(H), (ii) low T WL in R(T, H), and (iii)
nonlinearity on I —V curves, unequivocally indicate a high
concentration of oxygen vacancies deep in the insulating side
at T lower than MIT across the GB, which also induce de-
tectable localization, and the DSB and WL become weaker as
the MIT is approached.

Measuring percentage magnetoresistance MR(%) =
%ﬁf(o) 100%, [where R(H) is the resistance measured
in an applied H, and R(0) is that measured in zero field]
supports these observations. MR on the bulk and across the
GB are demonstrated in Fig. 3. Starting with bulk STO, MR
is quadratic at 100 and at 50 K as shown in Fig. 3(a), and
MR increases with decreasing temperature. This behavior is
common in metallic systems, due to Lorentz’s contribution of
the classical orbital scattering in the perpendicular direction.
The role of MR below 20 K [as 3_; becomes less positive
in Fig. 2(a)] is somehow different as shown in Fig. 3(b),
but, still increases in cooling. The quadratic nature of MR at
high temperatures (in Fig. 3(a)) dispenses to a stronger linear
component which increases in cooling. MR at 2 K reaches
270% at 9 T, in agreement with previous reports [14,35,63].
Linear MR is discussed broadly in many systems, including
topological insulators, semimetals, and semiconductors,
where the linearity role was solely attributed to the scattering
of disordered inhomogeneities in these systems [51,63-67].
We believe that the linear MR in the bulk STO is governed
by the carrier mobility and is driven by the high density of
oxygen vacancies at low T; this explains the magnetic-field
driven anomaly above 5 T as discussed in Fig. 2(a).

On the other hand, MR across the GB reveals a different
story and it sheds more light on the observed WL nature that
we have discussed earlier. Interestingly, an anomaly appears
in MR in the 2-6 K range, in the same T range where non-
linearity in I — V is reported and ascribed to DSB. Cooling
below MIT, MR at 9 T decreases from 150% at 10 K to
75% at 7 K, where the MR signal now is mixed quadratic
and linear as shown in Fig. 3(c), which agrees with the previ-
ously discussed role of inhomogeneities in the bulk. Cooling
below 7 K introduces a feature that is absent in the bulk STO
and the high-temperature GB data. A negative MR appears
in the low magnetic-field region at 6 K; then, MR becomes
positive at higher H, and reaches 24% at 9 T as shown
in Fig. 3(d). Low-H negative MR at 5 and 4 K are more
obvious as shown in Fig. 3(e). At higher H, MR becomes
positive (mixed linear and quadratic-like), reaches 17% at
9 T for 5 K, and saturates above 8 T for 4 K. MR for 3 and
2 K are plotted in Fig. 3(f), and the negative dip in MR is
strong. MR in Fig. 3(f) is a combination of negative signals
in the 1.5-2-T range, followed by positive quadratic ones that
saturate at 7 T (for 3 K) and at 5.5 T (for 2 K); MR then turns
negative. Unlike the bulk STO, MR strength in GB reduces
in cooling, and MR curves below 7 K are negative in the low
magnetic-field region, at the same temperature range, where
I -V curves depicted nonlinearity.

The important nature of the GB and the region near the
GB have been investigated theoretically and experimentally
by introducing a few unit cells around the GB region [27], or
by using a standard supercell containing 100 atoms around the
lattice mismatch [68], highlighting the importance of the sur-
face nature (few nanometers in size) of the GB in particular,
and in STO in general [15,27,32,68]. Although our analyses
show no direct evidence of the nature and the amount of the
carrier contribution to conductivity, the carrier distribution,
and the surface contribution around the GB, we believe that
our MR findings on the GB are due to these nanometer-size
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interfaces. This topic has been discussed widely and it re-
flects the strong nature of surface carriers scattering of the
inhomogeneities due to the large levels of oxygen vacancies
(see for example Refs. [27,32,35,68-70]). In this essence,
MR data were modeled by a quasi—two-dimensional system
that accounts for WL versus weak antilocalization (WAL)
described by HLN quantum-interference model [71]. The dif-
ferences between WL and WAL are mainly accounted for by
the behavior of MR, and the prefactor constant on the HLN
model. Based on the above MR description with H, MR due
to WL is given by [71,72]

1 H, H,
MR (%) =A[¢(E + ?) “In <?)

1 Hy+ Hso Hy + Hso
— oy =+ 220N gy (2280

1 H¢ + 2Hso H¢ + 2Hso
— I T In( =2——2>
vz ) ()
+ BH? + CH, (3)

where A, B, and C are fitting parameters that account for the
low magnetic-field WL/WAL region captured by the HLN
term, the parabolic term which involves the classical cy-
clotronic magnetoresistance contribution, and the linear MR
discussed in the bulk, respectively. v is the digamma function,
Hyso = %, are the characteristic field associated with

different respéctive length scales; the dephasing length Ly,
and the spin-orbit scattering length Lgo, and 7 is the reduced
Planck’s constant. Equation (3) takes into account SO interac-
tion, thus accounting for the WAL effects possible in materials
with delicate SO coupling, as reported for STO [2,28,69,70].
Although MR shows no obvious WAL signal (positive MR in
low H), but still capture SO coupling lengths below 6 K as we
discuss below [73].

Equation (3) offers a good description of MR below 7 K as
shown by the solid red-line fits in Figs. 3(c)-3(f). At 7 K in
Fig. 3(c), the WL term is negligible, and MR could be fitted
with linear and quadratic terms.

In Figs. 3(d)-3(f), MR curves are negative in low H; hence,
the WL term in Eq. (3) fits this part very well. WL is strong
at 3 and 2 K, followed by upturn curvature before reaching
saturation; then, it curves down in high H. This curvature
down in MR behavior at 3 and 2 K is most likely due to dom-
inating localized magnetic inhomogeneities in high magnetic
fields overtaking thermal fluctuations at low 7. Figures 3(g)
and 3(h) show the temperature dependence of parametrization
term A from Eq. (3), and Ly so. A(T) is negligible above 6 K,
and increases in cooling. L, plateau around 25 nm, and it
lacks a power-law feature for two reasons: (i) the small-T
window (2-6 K) where WL occurs, and (ii) most likely by the
immediate strong positive MR as MIT is approached. More
importantly, despite the absence of WAL feature in MR, Lso
is extracted as expected (see for example Ref. [73]), higher
than Ly in this T range, and slightly decaying in cooling,
highlighting the increase strength of the SO coupling in the
WL regime as superconductivity is approached below 1 K in
STO [74,75]. One would conjecture the WAL signal to de-

velop in cooling below 2 K (beyond the T range of this study)
before reaching superconductivity 7;; herein, Lso will cross
Ly at low T and WL/WAL quantum scattering overshadows
at T, similar to those discussed by Bhattacharyya et al. and
Lo et al. [76,77]. The extracted Ly so are reinforced as if they
are compared with the extracted mean-free path (L,) from the
Drude model. A crude calculation using © = %, where T is
the scattering time, e is the fundamental charge, and m* is the
effective mass [78], and from Einstein relation ﬁ—i = ]% the
mean-free path is given by L, = ,/ ]‘ETELZ*“Z In low-T limit, and
by using our bulk mobility from Fig. 1(e) in the 2-6 K range,
mean-free path averaged to L, ~ 25 nm, in close proximity
to Ly but lower than Lgo. Dephasing length and mean-free
path of 25 nm is certainly larger than the few unit-cell size
region around the GB [15,27,32,68]. The extracted nanosize
length scales from the quasi—two-dimensional fits emphasize
the surface nature of the region around the GB that contribute
mainly to the WL.

IV. SUMMARY

We report a magnetotransport study on a reduced bicrystal
of SrTiO3 with a single 18.4° tilt along [001] symmetric grain
boundary as a function of T and H. Magnetization measure-
ments on STO show signatures of weak ferromagnetic-like
behaviour with small coercivities in 2-300 K range. On the
bulk STO, R(T) in zero field shows metallic behavior in
2-300 K, and is dominated by electron-lattice scattering in
50-300 K, followed by electron-electron scattering in 2—50
K. Mobility and carrier density are temperature independent
below 10 K and have values of 2800 cm? V~'s~! and 3.5 x
10" cm—2, respectively. Turning the magnetic field on the
bulk, R(T, H) exhibits similar metallicity as R(T, 0) in cool-
ing from room temperature, then increases in cooling below
20 K as H increases, as shown in Figs. 2(a), 3(a), and 3(b).
In this range, MR changes from quadratic to a weak quadratic
and strong linear signal, a behavior that was understood by the
scattering of the accumulated inhomogeneities due to oxygen
vacancy in reduced STO. Across the GB, R(T, H) data are
modeled by electron-electron and WL quantum scattering in
low T. This is supported by MR analysis, where MR is best de-
scribed by a modified WL HLN model in low 7 that accounts
for the quasi—two-dimensional system. The extracted length
scales reflect the surface nature of conduction around the GB.
Surprisingly, the existence of the DSB, which is accredited
to the negative cationic vacancies (Sr and Ti), is suppressed
by the compensation from the oxygen vacancies when ap-
proaching the MIT. WL, on the insulating side, could be
understood by the accumulation of the oxygen vacancies near
GB, which allows the stability of polaronic localization in the
vacancies sites. Such polarons are coupled in the conduction
band, where the strength of the coupling increases with the
local lattice distortion and the presence of strain near the GB.
The current work revealed the prominence of the structural
defects in observed magnetotransport data as we were able to
distinguish the transport properties between the bulk of the
crystal and across a single grain boundary.
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