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contrary, the TMR value for NiFe 2 O 4  [ 21 ]  SF material decrease 
monotonically as the bias voltage increases. The bias-dependent 
TMR response of manganite FMIs [ 12,19 ]  is yet to be explored. 

 In this letter, we report a novel bias-dependent TMR 
response of the FMI manganite, Sm 0.75 Sr 0.25 MnO 3  (SSMO)-
based QMTJs with conducting ferromagnetic manganite elec-
trodes, La 0.7 Sr 0.3 MnO 3  (LSMO) or La 0.7 Ca 0.3 MnO 3  (LCMO), as 
the spin detector. The ferromagnetic insulating nature of the 
ultrathin (5 nm) SSMO thin fi lm has already been verifi ed ear-
lier. [ 12 ]  In order to magnetically decouple the ferromagnetic 
electrode (LSMO or LCMO) and the ferromagnetic insulating 
(SSMO) layer, an ultrathin (≈1 nm) layer of SrTiO 3  (STO) is 
inserted between them. For the relatively thin (4–5 nm) SSMO 
barriers, the dependence of the TMR is similar to the theo-
retical model proposed by Saffarzadeh; [ 20 ]  however, for larger 
(7–8 nm) barrier thicknesses, the TMR bias dependence is 
more complex and indeed reverses sign at higher bias voltage. 
This is interpreted in terms of a two-stage tunneling process 
through an inhomogeneous FMI barrier. 

 Multilayer oxide thin fi lms were grown by pulsed laser depo-
sition (PLD) in a N 2 O atmosphere (for details, see experimental 
section). The epitaxial and highly crystalline growth of these 
fi lms on single crystal STO (001) substrates was confi rmed by 
both X-ray diffraction (XRD) (see Figure S1, Supporting Infor-
mation) and high-resolution transmission electron microscopy 
(HRTEM) investigations.  Figure    1  a shows a cross-sectional 
TEM image of a LaNiO 3 (LNO)/SSMO(30)/STO(2)/LSMO 
multi layer fi lm (the numbers in the brackets used here and 
later in the paper indicate the fi lm thicknesses in nanometers). 
The thicknesses of the SSMO and STO barrier layers were 
estimated from the deposition rate of the fi lms determined 
by X-ray refl ectivity measurement of relatively thick fi lms, and 
further confi rmed by cross-sectional HRTEM. The interfaces 
between LSMO/STO and STO/SSMO appear sharper than the 
interface between SSMO/LNO; this can be seen more clearly in 
the cross sectional scanning transmission electron microscopy 
(STEM) Z-contrast image (Figure  1 b), which indicates abrupt 
transitions at the LSMO/STO and STO/SSMO interfaces, but 
the SSMO/LNO interface does not seem so well defi ned. The 
multilayer oxide fi lms were then structured into nanopillar 
tunnel junctions of area around 500 nm × 500 nm by using 
photolithography and focused-ion beam (FIB) milling. Details 
of the device fabrication procedure can be found elsewhere [ 22,23 ]  
and in the Experimental Section. A cross-sectional scanning 
electron microscopy (SEM) image and a schematic diagram 
of such a nanopillar tunnel device are shown in Figure  1 c,d, 
respectively. The thickness of the STO layer was kept constant 
(1 nm) and the SSMO layer thickness was changed in order 
to study the thickness-dependence of the transport and TMR 
response of the devices.  

  The quantum phenomenon of tunneling through an ultrathin 
insulating material sandwiched between conducting electrodes 
enables novel electronic devices with profound technological 
implications. [ 1–4 ]  Integrating magnetic materials into these 
devices has added a new dimension to electron tunneling, 
exploiting the spin degree of freedom, an aspect of the fi eld of 
spintronics. [ 5,6 ]  The magnetic material could either be the con-
ducting electrodes as in magnetic tunnel junctions (MTJs) [ 7,8 ]  
or a ferromagnetic insulator (FMI) barrier in spin fi lter tunnel 
junctions (SFTJs). [ 9–11 ]  Unlike the insulator barrier in a conven-
tional MTJ, the FMI barrier in a SFTJ provides spin-dependent 
barrier heights for the tunneling of the electrons due to an 
exchange splitting in the FMI layer. [ 9 ]  Since the tunneling 
probability is exponentially dependent on the barrier height, 
a SFTJ generates a highly spin-polarized current. Although 
the spin polarization of the tunneling current in a SFTJ can 
be inferred from the temperature dependence of the junction 
resistance, [ 10,12 ]  direct detection requires a magnetic counter-
electrode that has a spin-dependent density of states (DOS) at 
the Fermi level. Hence, the effectiveness of a spin-fi lter (SF) 
material can be determined by observing the tunnel magne-
toresistance (TMR) in a quasimagnetic tunnel junction (QMTJ), 
consisting of a NM/SF/I/FMM structure, where NM (FMM) is 
a normal metal (ferromagnetic metal) electrode and I is a non-
magnetic insulating layer, included to eliminate the magnetic 
exchange coupling between SF and FMM layers. Well-defi ned 
TMR responses have been realized in QMTJs utilizing the 
europium chalcogenides, [ 13,14 ]  ferrites, [ 11,15,16 ]  La 1 −x  Ba  x  MnO 3  
( x  = 1 and 0.9) [ 17,18 ]  and Pr 0.8 Ca 0.2 Mn 1− y  Co  y  O 3 , [ 19 ]  as SF mate-
rials. Investigation of the bias-dependence of the TMR response 
of the QMTJ is essential both to determine the suitable oper-
ating bias voltage regime for better device performance and 
to understand the details of the transport processes. However, 
the bias-dependence of the TMR response in these studies is 
rarely reported: in the QMTJs of Al/EuS/Al 2 O 3 /Co/CoO [ 14 ]  and 
Pt/CoFe 2 O 4 /Al 2 O 3 /Co [ 16 ]  show the TMR fi rst gradually 
increasing up to a certain value with increasing bias voltage 
and then decreasing at higher voltages, which is in agreement 
with the theoretical model proposed by Saffarzadeh. [ 20 ]  On the 
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ured using a four-point current-bias technique in a pulse-tube 
closed-cycle cryostat system.  Figure    2  a shows the dynamic 
conductance curves of a LNO/SSMO(4)/STO/LSMO QMTJ, 
obtained by numerically differentiating the experimental  I – V  
curves measured at different temperatures. At relatively high 
temperatures (100 and 150 K), the dynamic conductance curves 
are quasi-parabolic, which is one of the hallmark characteristics 
of a tunnel junction. [ 24 ]  The mean barrier height of the tunnel 
junction is 0.8 eV determined by fi tting the  I – V  curve to the 
Simmons model [ 25 ]  at higher temperatures (above the  T  C  (100 K) 
of SSMO barrier). This is a typical barrier-height for FMI man-
ganite barriers. [ 12,26 ]  At low temperature (5 K), the  dI / dV  curve 
of this device exhibits a reduced conductance zero bias anomaly 
(ZBA), which can be explained by the Kondo scattering due 
to the presence of the spin-disorder clusters at the interfaces, 
similar to our earlier study in LNO/SSMO(5)/LNO tunnel 
junctions. [ 12 ]   

 Spin-dependent tunneling of the electrons through the 
SSMO tunnel barrier can be verifi ed by observing the TMR 
response of the QMTJs. The TMR ratio of the device is defi ned 
as ( R  AP  −  R  P )/ R  P , where  R  AP  and  R  P  are the tunnel resistance 
when the magnetization of the SSMO FMI layer and the LSMO 
ferromagnetic electrode are aligned antiparallel and parallel, 
respectively. The magnetic fi eld was applied along the STO [100] 
(in-plane) direction. Figure  2 b shows the TMR versus magnetic 
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 Figure 1.    a) Cross-sectional TEM; and b) STEM image of a LNO/
SSMO(≈30)/STO(≈2)/LSMO multilayer oxide thin fi lm grown on 
STO (001) substrate. c) Cross-sectional SEM image; and d) sche-
matic representation of the quasimagnetic nanopillar tunnel 
junction.

 Figure 2.    a) Dynamic conductance ( dI / dV  vs  V ) curves of a Au/LNO/SSMO(≈4)/STO/LSMO QMTJ device at various temperatures. The inset shows 
the enlarged view of the zero bias anomaly at 5 K. b) TMR responses of the device measured at 5 K with varying bias. c) TMR responses of a QMTJ 
with LCMO electrode and ≈5 nm of SSMO barrier layer measured at 5 K with varying bias, indicate the degree of reproducibility. The insets of 
Figure b) and c) show the bias-dependent TMR responses of these devices. d) TMR response of a QMTJ with LSMO electrode and ≈5 nm SSMO bar-
rier layer at 5 K, represents the highest observed TMR value in our devices.
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fi eld curves of a LNO/SSMO(4)/STO/
LSMO QMTJ at 5 K measured with various 
applied biases. The independent magneti-
zation reversals of SSMO and LSMO layers 
are achieved by inserting 1 nm of STO layer 
between them (see Figure S2, Supporting 
Information). With increasing bias, the TMR 
fi rst increases gradually to the peak value 
and then decreases (see inset of Figure  2 b). 
This is in contrast with conventional MTJs, [ 8 ]  
where the TMR value decreases continu-
ously from the maximum value at zero bias 
with increasing bias voltage. The peak TMR 
value in our device is observed at ≈0.75 V 
(50 µA), which is close to barrier height. In 
order to check the degree of reproducibility, 
we fabricated and measured several SSMO-
based devices within same thickness range 
(4–5 nm) of the barrier layer and found sim-
ilar behavior. We also measured devices with 
LCMO as the spin detector electrode. Figure  2 c 
shows the representative TMR responses 
of one such device with ≈5-nm thick SSMO 
barrier layer and LCMO electrode. The 
smaller magnetic fi eld at which the resist-
ance increases sharply to high-level value cor-
responds to the magnetic reversal of LCMO 
electrode, whereas the higher magnetic fi eld 
at which the resistance drops back to low-
level value is close to value at which the mag-
netization loop of the SSMO fi lm closes. The 
bias-dependent TMR response of this device 
(see inset of Figure  2 c) shows a qualitatively 
similar trend as for the device with 4-nm-
thick barrier and LSMO electrode. These observed trends of the 
bias-dependent TMR responses in our devices with relatively 
thin FMI barrier (4–5 nm) layer are close to what Saffarzadeh [ 20 ]  
has theoretically proposed for a SFTJ as discussed later. The 
highest observed TMR value in our one such device with thin 
(≈5 nm) barrier (SSMO) and LSMO electrode is ≈115% (see 
Figure  2 d). The evidence of the spin-fi ltering effects in these 
junctions was also confi rmed by the temperature dependence 
of the junction resistance measurements (see Figure S3, Sup-
porting Information). 

 The transport phenomena for the thicker barriers (7–8 nm) 
are more unusual. The dynamic conductance curves of a LNO/
SSMO(≈8)/STO(≈1)/LSMO QMTJ at relatively higher tempera-
tures (>100 K) show the conventional quasi-parabolic shape 
(see  Figure    3  a) as for the QMTJs with thinner barrier. How-
ever, at low temperatures,  dI / dV  versus  V  plots of this device 
exhibit lower-bias peaks on either sides of zero bias instead of 
the large ZBA seen for thinner barriers. In order to rule out 
the role of the electrodes in these observed features, we also 
measured the  dI / dV  versus  V  characteristics of LNO/SSMO(8)/
LNO tunnel devices (see Figure S4, Supporting Information) 
and found similar behavior. The dynamic conductance curve at 
low temperature for thicker barrier can be considered as a zero 
bias conductance peak for a SFTJ with a small dip at zero bias. 
Pal et al. [ 27 ]  have reported a zero bias conductance peak at low 

temperature in GdN-based SFTJs. The low bias conductance 
peak at relatively low temperatures for the thicker barrier in our 
devices gradually smears with increasing temperature, which 
can be correlated with the disappearance of ferromagnetism 
and spin-fi ltering in SSMO barrier at  T C  . The decreasing trend 
of the low bias conductance with increasing bias voltage at low 
temperatures suggests an electric-fi eld-dependent modifi ca-
tion [ 27 ]  of the magnetic state of SSMO layer and is confi rmed by 
the resistance versus temperature plots of the devices at various 
current biases (Figure  3 b). This is discussed further below.  

 Figure  3 c shows the resistance versus magnetic fi eld of 
a LNO/SSMO(8)/STO/LSMO device at 5 K, measured with 
varying bias. Similar to the thinner barrier devices, the TMR 
value does not evolve signifi cantly at low bias; however, with 
increasing bias, the TMR gradually increases to a certain value 
and then suddenly drops to a negative value at higher bias, 
which can be correlated with the sharp increase of junction 
resistance at higher bias (see inset of Figure  3 c). This suggests 
the presence of impurity states in the barrier (SSMO) layer as 
discussed below. [ 28,29 ]  We have also observed such unusual tun-
neling transport properties in other devices (see Figure S5, Sup-
porting Information). 

 The results presented in this paper show a rich variety 
of novel effects. In the remainder of the paper, we discuss 
the possible origin of the various effects seen in our devices. 
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 Figure 3.    a) Dynamic conductance versus voltage, and b) resistance versus temperature plots 
of an Au/LNO/SSMO(≈8)/STO/LSMO QMTJ device measured at various temperatures and 
biases, respectively. c) Magnetoresistance cycle for the device at 5 K with varying bias. The inset 
shows the bias-dependent TMR response of the device and corresponding changes in junction 
resistance at the magnetic fi eld of 0.5 T.
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lier study [ 12 ]  by ≈5-nm thick SSMO barrier from the resistance 
versus temperature plot of a LNO/SSMO/LNO device is ≈75% 
at 5 K. Here, we can also calculate the spin-fi ltering effi ciency 
of the SSMO barrier from the TMR measurements in QMTJs 
by using the extended Jullière model, in which the TMR = 
2 P  SSMO  P  FMM /(1 −  P  SSMO  P  FMM ), where  P  SSMO  and  P  FMM  are the 
effi ciencies of spin fi ltering of SSMO layer and spin polarization 
of the ferromagnetic electrode, respectively. The approximate spin 
polarization of LSMO and LCMO electrode at the interface with 
STO in our devices can be estimated from the TMR response of 
a LSMO/STO/LCMO MTJ (see Figure S6, Supporting Informa-
tion) fabricated in the same way as the QMTJs. The optimum 
TMR in these MTJ devices is ≈225% and, assuming equal spin 
polarization of LSMO and LCMO, this gives  P  LCMO  =  P  LSMO  
≈ 73%. Using this, the Jullière model then yields  P  SSMO  ≈ 
49% for the highest observed TMR (≈115%) value in a QMTJ 
(Figure  2 d). This is smaller than the values obtained from LNO/
SSMO/LNO devices, [ 12 ]  which is liVkely to be due to the absence 
of the sharp magnetic switching in SSMO layer, so that the 
device never attains the perfect antiparallel magnetization state. 

 The bias-dependence of the TMR responses of thinner 
(4–5 nm) barrier-based devices (see insets of Figure  2 b,c) can be 
explained within the framework of spin fi ltering. At low bias, 
the spin-fi ltering effi ciency of a SFTJ is determined by the spin-
dependent barrier height ( Figure    4  a) and the complete suppres-
sion of the TMR at zero bias could be due to the Kondo scat-
tering. [ 12,30 ]  The TMR value increases with increasing applied 
bias and exhibits the maximum at a bias corresponding to the 
voltage close to the barrier height. At this bias voltage, the tun-
neling probability of the spin-up electrons is expected to increase 
dramatically due to the onset of Fowler–Nordheim (F–N) tun-
neling, while the spin-down electrons tunnel probability is still 

determined by direct tunneling, and thereby the device exhibits 
a large increase in TMR (Figure  4 b). With further increase in 
the bias voltage, the Fermi level of the source electrode may cut 
both spin-up and spin-down bands. As a result, the tunneling 
probability increases for both spin(s) electrons, and hence the 
TMR value decreases (Figure  4 c). The transition from direct 
tunneling to F–N tunneling in our devices can be confi rmed 
from the  I – V  characteristics of a LNO/SSMO(≈5)/STO/LCMO 
device for the parallel and antiparallel confi gurations measured 
at 5 K (Figure  4 d). The sharp increase in current at higher bias 
clearly indicates the onset of the F–N tunneling, where the 
crossover from direct tunneling to F–N tunneling appears ear-
lier in parallel than antiparallel confi guration. The dependence 
of the  I – V  curve on the relative orientation of the magnetiza-
tions of SSMO and LCMO layers also corroborates the evidence 
of spin-fi ltering effect. The extracted exchange splitting value is 
about ≈60 meV.  

 Although SSMO is found to be in a homogeneous ferromag-
netic state in a narrow range of the strontium concentration, [ 31 ]  
the existence of the nanoclusters of secondary phases (ferro-
magnetic metallic (FMM) and/or antiferromagnetic insulating) 
may not be ruled out. [ 12,31 ]  The inhomogeneity in thinner bar-
rier is expected to be negligible, hence most of the electrons 
tunnel directly through the barrier and as a result, the tunnel 
device exhibits the conventional SFTJ behavior. However, the 
possibility of the phase-separated metallic nanoclusters present 
in barrier layer will increase with increasing barrier thickness. 
The charging effect of these clusters could give rise to Cou-
lomb blockade (CB) phenomena in our devices. The small dip 
observed at zero bias in the dynamic conductance curves for the 
fabricated devices with thicker barrier (SSMO) at low tempera-
ture regime can be associated with the Coulomb gap caused 
by the FMM nanoclusters present in the barrier layer. [ 32,33 ]  CB 
effects have been widely observed in phase-separated mangan-
ites systems. [ 34–36 ]  

 The charging energy ( E  C ) in our device is assumed to 
be nearly equal to the half of the width of dip, which is esti-
mated to be in the order of 100 meV at 5 K. With considering 
the spherical shape of these FMM nanoclusters, their average 
diameter ( d ) can be calculated by using the relationship of 

/2 /4C
2 2

0E e C e dπε ε= = , [ 28 ]  where  C  is the capacitance of a 
FMM nanocluster,  ε  and  ε  0  are the relative permittivity of the 
barrier and the permittivity of the vacuum, respectively. Using 
the above value of  E  C  and  ε  (10) for manganites, [ 37 ]  the value 
of  d  is then obtained to be ≈1.4 nm. The absence of the CB 
staircase phenomenon in our devices is due to the relatively 
large value of  E  C  of the FMM nanocluster, i.e., a large voltage 
is required to bring the electronic states of the nanoclusters in 
resonance with the Fermi levels of the electrodes. When the 
applied bias voltage is large enough to overcome the charging 
energy associated with CB effect, the transport across the bar-
rier is dominated by the sequential tunneling through the FMM 
nanoclusters. The bias-dependent TMR response at lower bias 
in our thicker barrier-based device shows a similar trend as 
the thinner barrier-based devices, which can also be explained 
within the framework of spin fi ltering. Since the sequential 
tunneling in the small bias regime is suppressed, the tunneling 
of the electron through the FMI barrier is expected to show 
the conventional spin fi ltering effect. The negative value of the 
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 Figure 4.    Schematic view of the band diagram of a QMTJ at a) low, 
b) intermediate, and c) higher bias regimes indicate that the mode of 
transport of electrons across the junction is direct tunneling at low bias 
regime, and F–N tunneling for spin-up electrons at intermediate bias and 
both spin-up and spin-down electrons at higher bias regimes. d)  I – V  char-
acteristic of an Au/LNO/SSMO(≈5)/STO/LCMO device at 5 K for parallel 
and antiparallel confi gurations. The arrow indicates the onset of the F–N 
tunneling at higher bias.
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TMR at higher bias might be due to the sequential tunneling of 
the electron through the spin accumulation states in the barrier 
region. The possibility of the spin accumulation in half metallic 
manganite ferromagnetic nanoclusters is high due to the large 
difference in the DOS for majority and minority spins at Fermi 
level. Moreover, the role of the oxygen vacancies and associated 
defects presence in FMI barrier cannot be ruled out for these 
unusual tunneling transport behaviors. 

 In addition to the small dip at zero bias in  dI / dV  curves at 
low temperatures, the lower bias conductance peak is also cor-
related with the thickness of the barrier layer. The decrease in 
conductance with increasing bias voltage implies the suppres-
sion of the exchange splitting in barrier regime with increasing 
bias voltage. The decreasing nature of the spin polarization with 
increasing bias has also been observed in LNO/SSMO(≈5 nm)/
LNO SFTJs at higher bias. [ 12 ]  Such an electric-fi eld-dependent 
spin polarization in FMI barrier layer was fi rst reported in 
GdN-based SFTJs. [ 27 ]  As seen in Figure  3 b, with increasing 
bias, the peak of the  R  versus  T  curve shifts toward lower tem-
peratures, as well as the extent of fall of resistance at low tem-
peratures decreases. This indicates that the suppression of the 
spin-fi ltering effi ciency at higher bias is correlated with the cor-
responding decrease in conductance. The insignifi cant drop in 
resistance at applied current bias of 30 µA at low temperatures 
(below 30 K) corresponds to the dip in dynamic conductance 
curve at intermediate voltage regime (≈0.6 V). Moreover, there 
is no low-temperature drop in resistance observed at higher 
current (40 µA) bias. 

 The peak in the  R – T  curve at lower bias (10 µA) for thicker 
barrier-based device is observed at a temperature higher than 
the bulk  T  C  of the SSMO (see Figure  3 b). Such increase of the 
 T  C  of the ultrathin SSMO layer could be due to the presence of 
the oxygen vacancies. [ 38 ]  These oxygen vacancies can be moved 
toward the interface by large applied electric fi eld across the 
barrier layer. As a consequence, the net ferromagnetism and 
 T  C  of the SSMO layer are expected to decrease with increasing 
applied bias. [ 39 ]  Moreover, the spin scattering events or direct 
tunneling without spin fi ltering caused by the defect states pre-
sent in the barrier and/or at the interfaces could decrease the 
spin polarization of the tunnel device at higher bias. [ 11 ]  

 Yang et al. [ 40 ]  have observed the double-peak structure as 
ZBA in the dynamic conductance curves of planar MTJs with 
magnetic nanodots embedded in MgO tunnel barriers. Such 
ZBA is explained by the spin-split due to the magnetic exchange 
interaction between the magnetic nanodots and the ferromag-
netic electrodes. However, the novel zero bias conductance 
behavior in our devices is observed even in the absence of ferro-
magnetic electrodes (LNO/SSMO/LNO tunnel junctions), and 
thereby discounts the role of Kondo resonance tunneling in our 
devices. It is interesting to note that the inhomogeneous phase 
found to be accountable for the anomalous behavior of the rel-
atively thick barrier-based tunnel devices was undetectable by 
the standard structural, magnetic and transport investigation of 
this material. Therefore, this indicates the high level of sensi-
tivity of the spin-dependent tunneling to the minute defects or 
inhomogeneity present in the barrier layer. 

 In summary, we have shown that the TMR responses of 
Sm 0.75 Sr 0.25 MnO 3 -based SFTJs are strongly bias-dependent 
with two different behaviors in two different thickness regimes 

of the FMI barrier. For relatively thin (4–5 nm) barriers, the 
TMR value fi rst increases to the peak value with increasing the 
bias and then it decreases at higher bias. This has been suc-
cessfully explained within the standard framework of spin fi l-
tering in which the maximum TMR value at the intermediate 
bias has been attributed to the onset of spin-dependent Fowler–
Nordheim (F–N) tunneling through the spin-polarized conduc-
tion band of SSMO barrier. On the contrary, for thicker barriers 
(7–8 nm), the TMR goes to the negative value at higher bias. 
This is interpreted in terms of sequential tunneling of electrons 
through the inhomogeneous SSMO barrier layer; a process 
correlated by Coulomb blockade phenomenon at low bias and 
spin accumulation effect at higher bias. These wide varieties of 
novel effects shown in this paper are expected to broaden the 
scope of spin-fi ltering materials and open new opportunities 
for spintronic applications.  

  Experimental Section 
 All oxides fi lms (SSMO, STO, LNO, LCMO, and LSMO) were epitaxially 
grown by pulsed laser deposition on STO (100) single-crystal substrates 
by ablating the stoichiometric ceramic targets. A KrF laser ( λ  = 
248 nm) was used at 5 Hz repetition rate with a fl uence of ≈1 J cm −2  on 
the target. The N 2 O partial pressure was set to 20 Pa for manganites 
(SSMO, LCMO, and LSMO) and STO fi lms with the substrate 
temperature of 700 °C. While LNO fi lms were grown at a N 2 O partial 
pressure of 30 Pa and a temperature of 650 °C. After growth, the 
samples were cooled down to room temperature in 100 Pa N 2 O. The 
phase and crystalline qualities of the deposited fi lms were determined 
by using a PANalytical high resolution X-ray diffractometer with Cu K α  
radiation, a 2-bounce hybrid monochromator and 0.5-mm-slit beam 
tunnel. A polycrystalline gold layer (thickness ≈ 200 nm) was deposited 
on the multilayer epitaxial oxide thin fi lms by DC magnetron sputtering, 
which serves as a top contact and also minimize ion-beam damage 
from subsequent processing steps. A series of 4-µm-wide tracks were 
fi rst patterned by conventional optical photolithography and then 
created by Ar-ion milling. Subsequently, FIB nanomachining was used 
to fabricate the fi nal nanopillar device with an average dimension of 
500 nm × 500 nm. The thickness of both top and bottom metallic electrode 
layers (LNO and LSMO or LCMO) was ≈200 nm. Up to maximum 
14 devices were created in a chip, where each device is connected to four 
large area contact pads for the four point transport measurements. The 
electrical contacts were made by wire bonding, which ensures that the 
current passes from the top Au-LNO electrode to bottom ferromagnetic 
metallic electrode through the SSMO-STO barrier layers. Although, the 
current path in our device may cross the barrier twice, the resistance is 
dominated by the barrier in the nanopillar and the second barrier, which 
is formed by the lead structure is orders of magnitude larger in area and 
hence generates negligible voltage. The electrical measurements of the 
devices were performed in four-probe current biased confi guration in 
a pulse-tube cryocooled measurement system. In our measurements, 
the bias direction is defi ned with respect to the bottom ferromagnetic 
electrode (i.e., positive voltage means this electrode is positive).  
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