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Diverse phenomena emerge at the interface between band insulators LaAlO3 and SrTiO3, such as
superconductivity and ferromagnetism, showing an opportunity for potential applications as well as contributing
to fundamental research interests. Here, we report the superconductor-metal transition driven by a perpendicular
magnetic field in superconducting two-dimensional electron gas formed at the LaAlO3/SrTiO3(110) interface,
which offers an appealing platform for quantum phase transition from a superconductor to a weakly localized
metal. Interestingly, when approaching the quantum critical point, the dynamic critical exponent is not a
constant but a diverging value, which is direct evidence of a quantum Griffiths singularity arising from
quenched disorder at ultralow temperatures. Furthermore, the hysteretic property of magnetoresistance is
observed at the LaAlO3/SrTiO3(110) interface, which suggests the potential coexistence of superconductivity
and ferromagnetism.
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I. INTRODUCTION

Two-dimensional electron gas (2DEG) formed at the
interface between two band insulators LaAlO3 (LAO) and
SrTiO3 (STO) [1] exhibits many fascinating properties, such
as superconductivity [2], magnetism [3], and their coexistence
[2–6]. Historically, 2DEG has been a perfect system in which to
study the quantum Hall effect, fractional quantum Hall effect,
the charge density wave, and the transition between them by
varying the charge density or magnetic field [7–10]. In 2DEG
of LAO/STO(001), the quantum phase transition (QPT) is also
an important topic, and the transition from a superconducting
state to a weakly insulating state has been studied [11,12].
Most previous studies have focused on LAO/STO(001) due to
feasible fabrication and polarization of the interface. Recently,
controlled growth of pseudo-cubic-oriented and nonpolarized
LAO/STO(110) interfaces has been successfully achieved,
which makes related investigations possible [13–15].

Commonly, critical behavior depends only on the uni-
versality class of the transition, and not on microscopic
details. However, quenched disorder can have profound
effects on phase transitions and critical points [16–19],
especially in QPTs [20–22]. If the average disorder strength
diverges under coarse graining, the critical behavior shows the
infinite-randomness quantum critical points (QCPs), where
the conventional power-law scaling is replaced by activated
scaling, namely, the quantum Griffiths singularity [23–25].
The quantum Griffiths singularity has been widely studied
in theoretical works, but there is only limited experimental
evidence in three-dimensional ferromagnetic metals [21,26].
Surprisingly, a recent unexpected observation exhibited the
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quantum Griffith singularity of a superconductor-metal tran-
sition (SMT) in three-monolayer-thick superconducting Ga
films [27,28]. Whether or not the quantum Griffiths singularity
is a universal scenario for QPTs in superconducting systems
still remains a very interesting question. The verification of
the quantum Griffiths singularity can help to identify the
role of disorder in superconducting systems and hopefully
may provide clues to a generalized theoretical framework for
disordered QPTs.

Here, we report the observation of the quantum Griffiths
singularity at the superconducting LAO/STO(110) interface.
The QPT from a superconductor to a weakly insulating metal
is driven by a perpendicular magnetic field. The conventional
power-law scaling is replaced by activated scaling, and the
dynamical exponent z diverges upon approaching the transi-
tion. An unconventional quantum critical behavior associated
with the quantum Griffiths singularity is deduced and infinite-
randomness quantum critical points are further concluded.
Additional data with similar behaviors at back-gate voltages
VG = 20 V and 60 V are presented for a comprehensive
understanding. In addition, the hysteretic magnetoresistance
is observed, which indicates the existence of ferromagnetism
at the LAO/STO(110) interface.

II. EXPERIMENTS

In total, 5 unit cells of LAO films were grown by
pulsed laser deposition (PLD) (KrF, λ = 248 nm, laser fluence
1.5 J/cm2, 1 Hz, at 750 ◦C, on top of treated (110)-STO
substrates [see Fig. 7(b) in the Appendix]. Atomically flat
(110)-STO surfaces were obtained after annealing at 1050 ◦C
for 2 hours under oxygen atmosphere. Before deposition, the
substrate was heated from room temperature to 750 ◦C in
0.1 mbar of O2, and then the LAO layer was deposited in
10−5 mbar of O2. After deposition, the sample was cooled in
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FIG. 1. The magnetic-field-driven superconductor-metal transition. (a) The temperature dependence of resistance at zero magnetic field.
T zero

c and T onset
c , marked by black arrow, are 0.123 K and 0.711 K, respectively. The inset shows the determination of T onset

c . (b) Isomagnetic
R(T ) curves measured at different B. (c) Isotherm R(B) curves measured at different T , where the inset shows the zoom-in view of the crossing
region.

an oxygen-rich atmosphere to avoid the formation of oxygen
vacancy. More details were described in Ref. [14].

For transport measurement, Al wires were attached to
the interface by wedge bonding. A metallic back gate was
evaporated and attached to the rear of the 500-μm-thick SrTiO3

substrate. Leakage current was below 1 nA for a back-gate
voltage of 60 V at low temperatures (<1 K). Standard four-
probe resistance measurements were made with sufficiently
low excitation current (50 nA at 6.47 Hz) to avoid any heating
of the electrons at the lowest temperature. The samples were
cooled in a dilution refrigerator MNK126-450 system (Leiden
Cryogenics BV, base temperature <6 mK). A perpendicular
magnetic field was applied to the sample surface. All the
data for SMT were obtained for one direction of the field
sweep. The magnetic field sweep rate was 1.35 mT/s for
large-scale measurement of magnetoresistance [Fig. 1(c)] and
0.656 mT/s for detailed measurement of magnetoresistance
[Fig. 2], respectively.

III. RESULTS AND DISCUSSION

Superconductivity and the SMT were found in our
LAO/STO samples. As shown in Fig. 1(a), the temperature
dependence of resistance at zero magnetic field reveals
the interface is superconducting, with transition temperature

T zero
c ≈ 0.123 K and T onset

c ≈ 0.711 K, respectively. T zero
c is

identified as the temperature at which the R drops beyond the
measurement limit, while T onset

c is identified as the temperature
where R(T ) first deviates from its linear dependence at high
temperature [see the inset of Fig. 1(a)]. With increasing
magnetic field, the superconductivity is suppressed, and the
system gradually becomes weakly insulating. The isomagnet-
ics R(T ) show that resistance changes very slightly at the
ultralow temperatures with a critical field (around 0.417 T)
that separates two regimes, as shown in Fig. 1(b). As the
signature of B-driven SMT, the magnetoresistance R(B)
curves measured at different temperatures cross each other
around 0.385 T, as shown in Fig. 1(c). Previous studies have
shown that a superconductor-insulator transition (SIT) occurs
in the LAO/STO(001) system induced by magnetic field or
charge density [11,12].

The crossing of the magnetoresistance isotherms happens
in a well-distinguished region rather than at a single point in
the magnetic field, as shown in Fig. 1(c). A similar crossing
region was also observed in another LAO/STO(110) sample
(see Fig. 11 in the Appendix). The crossing information
allows a systematic investigation of the critical behavior, which
was done through careful measurements of R versus B at
temperatures ranging from 0.020 K to 0.650 K. As shown in
Fig. 2, series of crossing points are observed. Crossing points
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FIG. 2. The isotherms of magnetoresistance R(B) from 0.020 K
to 0.650 K. The sweep directions and rates are the same for all the
curves. The inset shows the T dependence of corresponding Bc for
crossing points (blue dots) of every two adjacent R(B) curves, and
the resistance plateaus (green squares) extracted from R(T ) curves.

of R(B) isotherms at every two adjacent temperatures as a
function of T are shown in the inset of Fig. 2 (blue dots), which
form a roughly linear line. The R plateaus extracted from the
R(T ) curves are shown as green squares, at which the dR/dT
changes sign for a given magnetic field. The crossing points
are consistent with R plateaus. In addition, we note that the
crossing region of the magnetoresistance curves extends over a
relatively wide range of magnetic fields and temperatures. This
is reasonable since superconductivity emerges at relatively
high temperature [T onset

c ≈ 0.711 K; inset of Fig. 1(a)] in our
LAO/STO(110) samples.

In order to gain more information about the phase transition,
finite-size scaling (FSS) analysis of the critical regime is
required. The resistance takes the scaling form [27,29–31],

R(B,T ) = Rcf [(B − Bc)/T 1/zv], (1)

where Rc and Bc are the critical sheet resistance and the
critical magnetic field, respectively, at which the transition

occurs, f [] is an arbitrary function of B and T with
f [0] = 1, z is the dynamical critical exponent, and v is the
correlation length exponent. The scaling form is rewritten
as R(B,t)/Rc = f [(B − Bc)t], where t = (T/T0)−1/zv , which
can be obtained by performing a numerical minimization
between the curve R(B,t) at a particular temperature T and the
lowest temperature T0 curve R(B,t = 1). As shown in Fig. 2,
every two adjacent R(B) curves cross at one point. In the FSS
analysis, at least three curves are needed. Here, for the purpose
of effective analysis, the small crossing region, formed by
four adjacent R(B) curves, is regarded approximately as one
“critical” point. Figure 3(a) shows one representative group of
isothermal curves with a “critical” point (Bc = 0.427 T,Rc =
877.50 �). The results of the FSS analysis show that the data
collapse onto a bivalue curve, and the power-law dependence
of t with temperature gives zv = 3.37 ± 0.50 [Fig. 3(b)]. Nine
representative groups with different temperature regions were
selected (see Figs. 8 and 9 in the Appendix for the other
eight groups), and series of zv values, varying with decreasing
temperature, were obtained. It has been reported [32] that FSS
analysis can be applied in a restricted range of finite temper-
ature for 2D superconductors under magnetic field, if consid-
ering the existence of inhomogeneities in the low-temperature
phase.

By obtaining the zv values in different ranges of tem-
perature, we observed that zv increases with decreasing
temperature. It should be noted that zv corresponds to a
temperature region rather than a certain temperature. Figure 4
shows the magnetic field dependence of zv values. In the
high-temperature regime, zv increases slowly with magnetic
field, while zv grows rapidly in the low-temperature regime.
We fit the experimental zv values in the low-temperature
regions (zv � 1) as a function of B using the activated
scaling law zv ≈ C|B − B∗

c |−vψ , where C is constant, and
v and � are the 2D infinite randomness critical exponents
[33,34]; here, v ≈ 1.2, and ψ ≈ 0.5. The experimental results
are in reasonable agreement with theoretical expectation
(the blue line in Fig. 4, where B∗

c = 0.428 T), indicating
infinite-randomness quantum critical points. With decreasing
temperature, the effect of quenched disorder is enhanced, and
the zv value diverges when the critical point B∗

c is approached.

FIG. 3. Finite-size scaling analysis for one representative group. (a) The isotherms R(B) close to the critical point in the lowest temperature
region (0.020–0.035 K). The crossing region formed by four adjacent R(B) curves are denoted as one critical point (Bc = 0.427 T,Rc =
877.50 �). (b) Normalized R as a function of t |Bc − B|, where t = (T/T0)−1/zv . The insets show the power-law plot T dependence of scaling
parameter t . The zv value is obtained from the slope of the fitting line.

144517-3



SHENGCHUN SHEN et al. PHYSICAL REVIEW B 94, 144517 (2016)

FIG. 4. The B dependence of critical exponent zv: activated
scaling behavior. Magenta dots are zv values extracted from FSS
analysis in different temperature regions. Blue line is the fitting by
zv = C(B∗

c − B)−0.6. Two red dash lines represent the constant value
with B∗

c = 0.428 T and zv = 1, respectively.

Moreover, the properties of 2DEG at the LAO/STO inter-
face can be tuned by a back-gate voltage. Figure 5(a) shows
an R(T ) curve at zero magnetic field for VG = 20 V with
the superconducting transition temperature T zero

c ≈ 0.109 K
and T onset

c ≈ 0.696 K, which are a little suppressed compared
with those at zero back-gate voltage (T zero

c ≈ 0.123 K and
T onset

c ≈ 0.711 K). The R(B) isotherms show a crossing region
around 0.365 T [Fig. 5(b)]. Further detailed measurements of
magnetoresistance at the low-temperature range from 0.020 K
to 0.300 K are shown in Fig. 5(c). Series of crossing points
formed by every two adjacent magnetoresistance isotherms are
observed. The extracted Bc − T plot is shown in the inset of
Fig. 5(c), which is analogous to the above case for VG = 0 V
(the inset of Fig. 2). The same FSS analysis described above
was applied, and series of zv values were obtained. As shown in
Fig. 5(d), the zv value diverges when temperature approaches
zero, and theoretical fitting gives B∗

c = 0.416 T. The SMT for
both VG = 20 V and 60 V (Fig. 10 in the Appendix) displays
behaviors that are also consistent with a quantum Griffiths
singularity. Quenched disorder is independent of time, and it
can take the form of oxygen vacancies or impurity atoms, or
extended defects, etc. Although the properties (such as carrier
density or Tc) of 2DEG at the LAO/STO interface can be
tuned by applying a gate voltage, the impact of quenched

FIG. 5. The quantum Griffiths singularity for VG = 20 V. (a) R(T ) at zero magnetic field with T zero
c = 0.109 K. The inset shows the

definition of T onset
c , with a value of 0.696 K. (b) Isotherms R(B) measured at different T . Zoom-in view of cross region is shown in the inset.

(c) Isotherms R(B) measured at different T ranging from 0.020 K to 0.300 K. The inset provides the crossing points Bc as a function of T ,
which were determined from the cross point of every two adjacent R(B) curves. (d) The B dependence of zv values reveals the activated scaling
behavior.
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FIG. 6. The hysteretic behavior of R(B) at different temperatures
plotted for VG = 0 V. The peaks that emerge in the magnetoresistance
weaken with increasing temperature, while the corresponding mag-
netic field value remains unchanged. The arrows indicate the sweep
directions of the magnetic field.

disorder on phase transitions still exists; thus, the quantum
Griffiths singularity for different gate voltages can be observed.
Also, compared to the state where VG = 0 V,Tc decreases with
increasing VG, and the zv value for the same temperature
region becomes larger, which suggests that the influence of
disorder on phase transition might be tuned by gate voltages.

The quenched disorder is normal in realistic low-
dimensional systems and plays an important role in the
destruction of the clean critical point [20,21]. From a statistical
point of view, the influence of randomness on a clean critical
point is determined by the trends of average disorder strength
under coarse graining, known as the Harris criterion [35]. A
recent theoretical work [36] has proposed that under certain
conditions, if the clean critical point violates the Harris
criterion, the magnitude of inhomogeneities increases without
limit under coarse graining, and the dynamical exponent
z diverges when approaching the disordered critical point.
This prediction connects the violation of Harris criterion
with the existence of a quantum Griffiths singularity and can
apply to a variety of systems, including the quantum random
transverse field Ising model [24,25,37]. In recent years,
some experimental signatures related to the quantum Griffiths
singularity have been reported in magnetic metals [38–43]. On
the microscopic level, this quenched disorder introduces large
rare regions, which can be locally ordered in one phase and
further influence the scaling behavior. The above mentioned
theoretical results can also be applied to SMT systems with
clean critical exponent v = 1/2, in which the Harris criterion
is certainly violated under quenched disorder [36,44].

For the SMT at the LAO/STO(110) interface, we find
that the critical exponent zv diverges at the ultralow-
temperature limits, and we attribute such an unconventional
quantum critical behavior to the effect of quenched disor-
der [20,21,24,25,45]. In the superconducting 2DEG at the
LAO/STO(110) interface, there is a transition from a clean
(zv � 1) to a dirty limit (Fig. 4). The scaling exponent zv

diverges rapidly upon approaching the QCP, which is consis-
tent with the activated scaling behavior. When approaching
the QCP, the effect of quenched disorder overtakes the thermal
fluctuations and results in large local superconducting islands
in which the dynamics are frozen. At low temperatures, these
superconducting islands couple with each other via long-
range Josephson coupling, and so global superconductivity
emerges. At high temperatures, the thermal fluctuations smear
the inhomogeneity induced by quenched disorder. In all, in
accordance with theoretical expectation, our experimental
observation suggests the SMT at the LAO/STO interface is
of the infinite-randomness type.

Recently, direct evidence of the quantum Griffiths singu-
larity was observed in a thin-film superconducting system
[27]. In Ga film, an anomalous upturn of the upper “critical
field” was observed when approaching zero temperature.
However, for our LAO/STO interface, we did not observe the
pronounced “tail” at ultralow temperatures (inset of Fig. 2).
One possible reason for the absence of this extended phase
boundary is due to the ultralow superconducting transition
temperature of this interface superconductor, which is one
order of magnitude lower than that of Ga film (∼3.62 K).
In Ga film, the temperature at which the critical exponent
diverges is ultralow (∼0.075 K) [27]. If simply comparing
the results in the LAO/STO interface with that of Ga film,
the pronounced “tail” should be expected to emerge at lower
temperature (∼0.025 K). In addition, the subtle nature or
absence of an upturn might be attributed to the narrow
range of temperature. Actually, a crossover-like behavior is
observed at 0.030 K for our LAO/STO interface. However, the
lowest electron temperature we had is 0.020 K. Hence, it is
hard to observe the obvious extended phase boundary at the
LAO/STO(110) interface. Also, the different disorder types in
these two systems might also be responsible for the distinction
in temperature dependence of “critical field”.

Quantum criticality in magnetic-field-driven QPT has been
studied previously at superconducting oxide interfaces, such
as the LaTiO3/SrTiO3(001) and LAO/STO(001) interfaces
[12,46]. In the LaTiO3/SrTiO3(001) interface, two different
zv values were obtained, and the observed critical behavior
was single or double, depending on its conductance [46]. In
LAO/STO(001) interface, a single zv value was obtained that
was independent of its conductance [12]. Here, however, we
found a series of zv values, independent of its conductance.
In the low-temperature range, the zv value is larger. With
increasing temperature, the zv value decreases. Moreover,
we note that the resistance range of the crossing region
only extends over a few tens of ohms. Thus, for lower
conductance, the crossing region is hard to distinguish, as in
Ref. [46]. Ultralow-temperature fine-resolution measurements
are necessary to observe the Griffiths singularity in such
interface superconducting systems.

Moreover, it is worth mentioning that the ferromagnetism
was observed at the LAO/STO(110) interface. As shown
in Fig. 6, when sweeping the field in both directions,
hysteretic magnetoresistance is observed. The main peaks
in the magnetoresistance appear at B ≈ ± 0.06 T and are
weakened with increasing temperature. Also, less promi-
nent peaks appear around main peaks. The hysteresis is
reminiscent of the presence of ferromagnetism order, and
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the additional peaks can be attributed to more complex
magnetization dynamics [47]. Moreover, the amplitude of
peaks decreases when decreasing the field sweep rate (Fig. 12
in the Appendix). Similar hysteretic magnetoresistance is
observed at the superconducting LAO/STO(001) interfaces as
the transport evidence for coexistence of superconductivity and
ferromagnetism [5,47]. The measurements using a scanning
superconducting quantum interference device [4] and mag-
netic torque magnetization [6] also showed evidence of the fer-
romagnetism at superconducting LAO/STO(001) interfaces.
However, to our knowledge, at LAO/STO(110) interface, the
coexistence of superconductivity and ferromagnetism has not
been reported yet. In fact, one recent theoretical investigation
predicted that ferromagnetism can appear in the (110) case
too [48]. Our work provides experimental evidence of this
theoretical prediction. Superconductivity and ferromagnetism
are usually believed to be antagonistic phenomena. Two
scenarios have been proposed to explain the coexistence of
superconductivity and ferromagnetism at the LAO/STO(001)
interface. One is the unconventional pairing mechanism, such
as finite momentum pairing [49], through which a magnetic
ordering and superconducting 2DEG is formed by the same
electron system [50]. The other scenario is spatial phase
separation, in which magnetism and superconductivity are
generated by different electron layers [4,51]. Our current
results cannot distinguish the mechanism(s) that induces the
coexistence of superconductivity and ferromagnetism at the
LAO/STO(110) interface. Since the (110) interface shows
different orbital reconstruction compared with the (001)
system [52], our observation offers a new platform in which
to study superconductivity and ferromagnetism at the oxides
interface. In addition, ferromagnetism might have influence
on the rare regions (superconducting islands). It would be
a very interesting topic to investigate both theoretically and
experimentally whether or not the existence of ferromagnetism

at the superconducting interface affects the observed quantum
Griffiths singularity.

IV. CONCLUSION

In conclusion, we have shown a SMT in the supercon-
ducting 2DEG at the LAO/STO(110) interface. The diverging
dynamic critical exponent is consistent with the quantum
Griffiths singularity. The diverging dynamic critical exponent
in the 2DEG provides new evidence of the quantum Griffiths
singularity in addition to that in Ga thin film, hinting that
different superconducting systems can be possibly treated
within a uniform theoretical framework. Furthermore, our
detection of hysteretic behavior indicates ferromagnetism at
superconducting LAO/STO(110) interfaces.
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APPENDIX

Here we provide the additional figures to supplement the
main text.

FIG. 7. (a) Typical resistance versus temperature curve measured for a low-temperature system (4–180 K). The inset shows the configuration
of the electrodes for standard four-terminal measurements. (b) Atomic force microscopy surface topography of the 5 unit-cell LAO film.
Atomically flat terraces were preserved after the film deposition.
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FIG. 8. Finite-size scaling analysis (0.020–0.0.95 K). (a), (c), (e), (g) Isotherms R(B) close to the critical points at different temperature
regions. The crossing region formed by four adjacent R(B) curves is denoted as one critical point. (b), (d), (f), (h) Normalized R as a function
of t |Bc − B|, where t = (T/T0)−1/zv . The insets show the power-law plot T dependence of scaling parameter t . The linear fitting gives the zv

values.
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FIG. 9. Finite-size scaling analysis (0.100–0.0.175 K). (a), (c), (e), (g) Isotherms R(B) close to the critical points at different temperature
regions. (b), (d), (f), (h) Normalized R as a function of t |Bc − B|, where t = (T/T0)−1/zv . The insets show the power-law plot T dependence
of scaling parameter t . The zv values are obtained from the slope of the fitting line.
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FIG. 10. The quantum Griffiths singularity for VG = 60 V. (a) R(T ) at zero magnetic field gives T zero
c ≈ 0.098 K, and the inset shows the

definition of T onset
c , with a value of 0.696 K. The temperature where the R(T ) first deviates from its linear dependence at high temperature is

defined as T onset
c . (b) Isotherms R(B) measured at different T . Close-up view of cross region is shown in the inset. (c) Isotherms R(B) measured

in detail at different T ranging from 0.020 K to 0.650 K. The inset gives the crossing points Bc as a function of T , which are formed by every
two adjacent R(B) curves. (d) The B dependence of zv values gives the activated scaling behavior. As we can see, the critical exponent diverges
at low temperatures. Thus, the quantum Griffiths singularity is also observed for VG = 60 V.

FIG. 11. The measurements of the 12-unit-cell LAO/STO(110) sample prepared under the same conditions as the 5-unit-cell sample (the
main text). (a) R(T ) at zero magnetic field with T onset

c ≈ 0.560 K. (b) Isotherms R(B) measured at different T . The crossing region around
0.530 T is formed instead of one crossing point, which is analogous to data from the 5-unit-cell sample. The periodic oscillation of the normal
state resistance is somewhat puzzling. We speculate that it may be due to the accidental formation of conducting loops at the interface. The
magnetoresistance peaks also appear at around −0.056 T, as marked by the dashed line. The magnetic field sweeps from positive to negative.
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FIG. 12. The hysteretic behavior of R(B) with different
sweep rate of the magnetic field at T = 0.030 K for VG =
60 V. The amplitude of the peak increases when the field
sweep rate increases. The arrows indicate the sweep direction
of the magnetic field. The arrow pointing left indicates the
magnetic field sweeps from positive to negative, while the arrow
pointing right shows the opposite. Similar results have been
reported at LAO/STO(001) interfaces [47]. The property of the
R(B) curves suggests the coexistence of superconductivity and
ferromagnetism at the LAO/STO(110) interfaces.
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