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We report an investigation into the magnetoresistance (MR) of Lag gBag,MnO3 ultrathin films with various thick-
nesses. While the 13 nm-thick film shows the commonly reported negative magnetoresistive effect, the 6 nm- and 4 nm-
thick films display unconventional positive magnetoresistive (PMR) behavior under certain conditions. As well as the
dependence on the film’s thickness, it has been found that the electrical resistivity and the PMR effect of the thinner films
are very dependent on the test current. For example, the magnetoresistive ratio of the 4 nm-thick film changes from +46%
to —37% when the current is increased from 10 nA to 100 nA under 15 kOe at 40 K. In addition, the two thinner films
present opposite changes in electrical resistivity with respect to the test current, i.e., the electroresistive (ER) effect, at low
temperatures. We discuss the complex magnetoresistive and ER behaviors by taking account of the weak contacts at grain
boundaries between ferromagnetic metallic (FMM) grains. The PMR effect can be attributed to the breaking of the weak
contacts due to the giant magnetostriction of the FMM grains under a magnetic field. Considering the competing effects
of the conductive filament and local Joule self-heating at grain boundaries on the transport properties, the dissimilar ER
effects in the two thinner films are also understandable. These experimental findings provide an additional approach for

tuning the magnetoresistive effect in manganite films.

Keywords: positive magnetoresistance, electroresistance, Joule self-heating, conductive filament

PACS: 73.43.Qt, 84.37.4-q, 52.50.Nr, 52.38.Hb

1. Introduction

In recent decades, the colossal magnetoresistive (CMR)
effect in perovskite manganites has attracted extensive atten-
tion because of its potential application in magnetic record-
ing and sensors.!!'=31 Tt has also been widely recognized that
the double-exchange interaction between Mn3*/4* ions is
a key mechanism that is responsible for the significant de-
crease of the electrical resistance under a magnetic field at
temperatures around the magnetic phase transition.*! How-
ever, in manganites, a positive magnetoresistive (PMR) ef-
fect, i.e., a magnetic-field-induced increase of resistance, has
not been reported as frequently as colossal magnetoresis-
tance. Some researchers have observed the PMR effect in
manganite p-n heterostructures near room temperature.>~7]
For example, Jin et al. observed magnetoresistance under
low applied magnetic fields and at high temperatures in a
Lag 9Srp,1MnO3 /SrNby 1 Tig.9903 p—n junction, and they pro-
posed that the creation of a space-charge region at the inter-
face was the PMR mechanism.!> Other researchers have re-
ported the PMR phenomenon in phase-separated manganites

[8-11] Chen er al. observed magnetoresis-

at low temperatures.
tance in a single crystal of Lag7PbMnOj3 at temperatures be-

tween 4.2 K and 50 K and attributed it to the quantum interfer-
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ence effect.[®! Because of the high diversity and complexity of
the reported results, more detailed investigations are needed to
understand the PMR phenomenon in manganites.

In addition to the magnetic-field effects, many
works have also focused on current effects, such as
electroresistance,!'>"14! Joule self-heating,!'>!6! and current-
modulated magnetoresistance (MR)!'7-2°1 due to their appli-
cations in storage devices and key devices for neuromorphic
computing.?!! Yang et al. found a current dependence of
low-field MR in single-crystal bilayer La;j »Sr; §MnyO7, and
interpreted the phenomenon using a framework of percolat-
ing conduction and a local Joule thermal effect.l'”] Gao et
al. also reported a current-induced change in MR, which was
attributed to phase separation and a current-induced metal—
insulator transition in their Lag sCag,MnO5 thin film.[!8] Al-
though those authors observed current-modulated MR, the
MR ratio always remained negative in their results. So far, the
sign reversal of MR induced by a test current has rarely been
reported in the literature. In this paper, we report a large PMR
effect in 4 nm- and 6 nm-thick LaggBag>,MnO3; (LBMO)
ultrathin films at low temperatures at a test current of 10 nA.
When the current is increased to 100 nA, the MR ratio changes
from positive to negative. Considering the existence of a large

number of ferromagnetic metallic (FMM) grains in the ultra-
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thin films, the PMR effect can be understood as breaking the
weak contacts between the FMM grains due to their giant neg-
ative magnetostriction under magnetic fields. Furthermore,
changes of the weak contacts at various test currents play a

key role to the sign reversal of the MR ratio.

2. Experimental details

We deposited LaggBag,MnO;3; thin films on LaAlOj
(001) single-crystal substrates by the sol-gel method. Cit-
ric acid, Ml‘l(NO3)2~4H20, La(NO3)3-6H20, and Ba(NO3)2
powder were dissolved in a mixed solvent of H,O and ethy-
lene glycol (1:1) using a magnetic stirrer at 60 °C for 2 h to
form a homogeneous solution (with 0.16 mol/L of manganese
ions). The sol was then deposited by a dip-coating process
with pulling speeds of 8 mm/min, 1.2 mm/min, and 1 mm/min
to obtain films with the thicknesses of 13 nm, 6 nm, and 4 nm,
respectively. The samples were then heated at 100 °C for
10 min in air to drive off the water. Finally, they were heated
to 850 °C to remove organic matter and crystallize the films.

Because the lattice parameter of the LBMO bulk
(3.894 A) is larger than that of the LAO substrate (3.79 A), an
in-plane compressive strain was expected in the LBMO epitax-
ial films, corresponding to an elongated out-of-plane lattice.
X-ray diffraction (XRD) patterns revealed that the samples
were single-phase and (001)-oriented films, as shown in our
previous work.[>?] Contrary to expectations, however, the out-
of-plane lattice parameter was slightly smaller than the bulk
value. In addition, scanning electron microscope (SEM) im-
ages showed a nano-sized labyrinth morphology rather than a
smooth and uniform surface. Therefore, we concluded that the
LBMO/LAO thin films were strain-relaxed incompact films.
The film thicknesses were measured using atomic force mi-
croscopy (AFM). Because the substrates were not completely
covered by the films, the film thicknesses were derived from
the step height between the film and the substrate. The elec-
trical transport properties and resistance—current curves were
measured using a nanovoltmeter (Keithley 2182A) and a cur-
rent source (Keithley 6221). The measurements were carried
out using a linear four-probe configuration with an electrode
length of 7 mm and an electrode separation of 2 mm, respec-
tively. The electrical contacts were made using silver paste.
The measurements were carried out from 10 K to 300 K in
a Janis cryostat (SHI-4-2) coupled with a Lakeshore 340 tem-
perature controller. The temperature-dependent magnetization
M(T) was measured using a vibrating sample magnetometer
(Quantum Design MPMS). The magnetoresistance measure-
ment was performed using a physical properties measurement
system (Quantum Design PPMS).

3. Results and discussion

Figures 1(a) and 1(b) show the temperature-dependent
resistivity and magnetization of the 13 nm- and 6 nm-thick

LBMO films. In the case of the 13 nm-thick film, it can be
seen that a metal-insulator transition (MIT) occurs at 260 K,
accompanied by a ferromagnetic transition at the Curie tem-
perature Tc ~ 270 K. The coincidence of the MIT temperature
Tp and the Curie point 7¢ is a common feature of doped man-
ganites, especially large-bandwidth manganites with Sr and
Ba substitution at the A site. In Fig. 1(b), the 6 nm-thick
film shows a fairly low MIT temperature 7p of 97 K, while
the Curie temperature 7c remains unchanged. In narrow-
bandwidth manganites, such a discrepancy between 7p and
Tc is usually regarded as a sign of electronic phase separa-
tion. However, this does not seem to be the case in this work,
because our samples are wide-bandwidth films with inappre-
ciable strain. Furthermore, the unchanged Tc¢ suggests that
the double exchange interaction is little changed in the thin-
ner film. Therefore, phase separation arising from reduced
€g electron hopping and suppressed double exchange can be
ruled out. In previous work, the effects of grain size on the
electrical and magnetic properties of manganites have been re-
ported by many authors.>>>5 Dey et al. observed a gradual
drop of the MIT temperature with a decrease in the grain size,
while the ferromagnetic—paramagnetic transition temperature
remained almost unchanged in their granular Lag 7Cap 3MnO3
samples.!?*! Here, we consider the grain size effect to be the
reason for the much lower Tp in the 6 nm-thick film. In fact,
the morphology and microstructure of manganite films might
depend on the film thickness.*®! Arun et al. found that the
long-range ferromagnetic order in the Ndg 67519 33MnO3 man-
ganites becomes unstable when reducing the grain size down
to nano-meter scale.?”! In the present work, because of the re-
duced thickness, the 6 nm-thick film must have smaller grains
and wider size distribution. We note that the 6 nm-thick film
shows a more slowly increased M-T curve with decreasing
temperature than the thicker film does. It suggests a sus-
tained and moderated transition from the paramagnetic insu-
lating (PMI) state to the FMM state due to the wider distribu-
tion of the grain size. At temperatures just below 7¢c ~ 270 K,
the FMM grains are not abundant enough to contact with each
other, and thus the 6 nm-thick film displays an insulating
transport behavior. With further decreasing temperature, some
smaller grains gradually change to the FMM state. Eventually
at Tp ~ 97 K, volume fraction of the FMM grains reaches the
percolation threshold, corresponding to the sharp decrease in
the p—T curve. As a contrast, the MIT temperature 7p of the
13 nm-thick film is just a little bit lower than the Curie temper-
ature ¢, suggesting fairly consistent transitions in the grains
with similar sizes. In addition, it is worth noting that the re-
sistivity of the 6 nm-thick film is 3 orders of magnitude larger
than that of the 13 nm-thick film as a whole. At low tem-
peratures, the 6 nm-thick film shows a relatively high residual
resistivity. These results imply that the grain boundary in the
thinner film plays an important role in its transport properties.
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Fig. 1. Temperature dependence of the resistivity at the test current of
I, = 100 nA and field-cooled (FC at 3 kOe) magnetization of the 13 nm-
thick film (a) and the 6 nm-thick film (b). The magnetic field is 100 Oe
applied parallel to the film plane.

To investigate the grain boundary effect in the thinner
LBMO film, the current dependence of the electroresistive
(ER) ratio, which is defined as (R(I) — R(10 nA))/R(10 nA) x
100%, was measured at various temperatures, as shown in
Fig. 2. The current was swept from 10 nA to 100 nA at a
rate of 1 nA/s. At temperatures above Tp, i.e., 120 K, it can
be seen that the 6 nm-thick film has an almost zero ER ratio,
suggesting current independent transport behavior. When the
temperature is decreased to 65 K (below 7p), the thinner film
shows a negative ER ratio of ~ 25% at 100 nA, corresponding
to a reduction in the resistivity under an electric current/field.
With a further decrease of the temperature to 40 K, the ER ra-
tio even increases to ~ 60%. The evolution of the ER behav-
ior with respect to temperature can be understood by taking
the FMM grains into account. At temperatures above Tp, the
FMM grains are relatively few and distant from each other,
so that the resistivity of the thinner film is governed by the
PMI grains. Hence, the applied current has little impact on the
transport behavior. When the thinner film is cooled to temper-
atures below 7p, the FMM grains increase in size and contact
each other, resulting in a sharp decline in the resistivity, as
shown in Fig. 1(b). More importantly, some boundaries be-
tween FMM grains become quite narrow. Under these condi-
tions, conductive filaments can form in the narrow boundaries
under an electric current/field because of the migration of oxy-
gen vacancies, [21.28] \which in turn results in a reduction of the
resistivity, i.e., negative electroresistance in the thinner LBMO
film. With a further decrease of the temperature to 40 K, more

FMM grains appear in the thinner film, and the increased num-
ber of boundaries promotes the emergence of conductive fil-
aments, resulting in enhanced electroresistance at the lower
temperature. For comparison, the current dependence of the
ER ratio of the 13 nm-thick film was also measured. In Fig. 2,
the thicker film shows a negligible ER effect, even at 40 K,
while the thinner film has the largest ER ratio. At higher tem-
peratures, the resistivity of the 13 nm-thick film still presents
current-independent behavior (not shown here). From another
perspective, this demonstrates again that the grain boundary in
the thinner film is one of the key factors to its transport prop-

erties.
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Fig. 2. ER ratio as a function of the test current for the 6 nm-thick film at
40 K, 65 K, and 120 K, respectively and for the 13 nm-thick film at 40 K.

While intrinsic colossal magnetoresistance in doped man-
ganites is restricted to a temperature range at around their tran-
sition temperatures, a grain boundary usually gives rise to a
negative magnetoresistive effect at low temperatures because
of spin-dependent tunneling between the FMM grains. [27-2%-30]
To shed more light on the grain-boundary effect, we measured
the magnetic field-dependent resistivity for the two films at
low temperatures. The magnetic field perpendicular to the film
plane was first increased from 0 to 15 kOe, and the measure-
ment data were then recorded while sweeping the magnetic
field from 15 kOe to —15 kOe. Figure 3(a) shows the results
measured at a test current of 100 nA. For the 13 nm-thick
film at 40 K, the resistivity decreases monotonically with an
increase in the applied magnetic field up to 15 kOe, corre-
sponding to a magnetoresistive ratio ~ 7%. It can be consid-
ered to be a result of the small number of grain boundaries
in the thicker film. By contrast, the 6 nm-thick film shows
a larger negative magnetoresistive ratio of ~ 23% at 120 K,
suggesting a larger grain-boundary effect, which is inconsis-
tent with the ER data mentioned above. At 40 K, the thinner
film shows a negative MR as normal under the magnetic field
below 7.5 kOe. With a further increase in the magnetic field,
however, it is interesting that an abnormal upturn in the re-
sistivity can be observed, suggesting a PMR behavior in the
thinner film.

097502-3



Chin. Phys. B

Vol. 30, No. 9 (2021) 097502

7.0
(a) I, =100 nA 6 nm film 40 K 135
6.5 o 120 K
g 13 nm film 4 40 K g
o 6.0r &
< 130 G
.j; 5.5 >
> =
A s
}é 5.0 F 125 %
v )
g5t =
4.0t 120
-15 —-10 =5 0 5 10 15
H (kOe)
22.5
(b) 40 K 0 6 nm film 35
T, 4 13 nm film & |77 _
= 20.0f © o £
g o nn‘:‘m é
S o o 13.0 E
>, Onay Al Asdus o o g
2 175+ MAA%DA“A s s Ll #&“ . ‘A—:f z
b & d 2
5 o {25 &
x 15.0} B0 g n':“\:F‘E| o Q
Yot tig o ~
I, =10 nA | 2.0
12.5 . . .
—-15 —-10 -5 0 5 10 15
H (kOe)
4.0
(c) 65 K o 6 nm film
30r A 13 nm film —
_ % o {35 8
g % & G
© th i g
S i Aaatiraasty - 3.0 =
g A "‘#‘5‘ P 13.0 &
£ a0 “Whban |7 E
2 o a +
2 0l B, aff %
qw_) o fau] B 2.5 m
~ = o oo
i I, =10 nA
15 L L L L L L L 20
—-15 —-10 -5 0 5 10 15
H (kOe)
6.5 6.5
(d) 120 K o 6 nm film
6.0 F A 13 nm film Jg.o0 —~
z =
2 g
S 55F m 155 &
>
2 5.0 o W 150 2
o— wn
m 4.5F 14.5 ~
4.0+ I,=10nA 4.0

—-15 —-10 -5 0 5 10 15
H (kOe)

Fig. 3. (a) Magnetic field dependence of the resistivity for the 13 nm-thick
film at 40 K and the 6 nm-thick film at 40 K and 120 K, respectively. The
test current is 100 nA. (b)—(d) Magnetic field dependence of the resistivities
of the 13 nm- and 6 nm-thick films at 40 K, 65 K, and 120 K, respectively.
The test current [, is 10 nA. The magnetic field is applied perpendicular to
the film plane.

Considering that the 6 nm-thick film exhibited a current-
dependent resistivity at lower temperatures, we measured the
magnetic-field dependence of the resistivity at a lower test cur-
rent of 10 nA for the 6 nm-thick film as well as the 13 nm-
thick film for comparison. Figures 3(b)-3(d) display the p—H
curves measured at 40 K, 65 K, and 120 K, respectively. The
13 nm-thick film gives an almost unchanged negative MR ratio
~ 7% under 15 kOe at various temperatures, although the data
measured at 40 K are somewhat scattered because of the weak
voltage signals. This is in agreement with the zero ER result
for the thicker film. However, the 6 nm-thick film displays
a complex magnetoresistive behavior, which is dependent not
only on the test current but also on temperature. At 40 K, fig-
ure 3(b) shows that the thinner film behaves in a completely
PMR way, with a PMR ratio of ~ 45% at 15 kOe. When the
temperature is increased to 65 K, as shown in Fig. 3(c), the
PMR ratio at 15 kOe increases to ~ 70%, suggesting a signif-
icantly enhanced PMR effect in the thinner film. Finally, at
120 K, the 6 nm-thick film presents a negative magnetoresis-
tive behavior over the whole of the measured range, as shown
in Fig. 3(d), with a magnetoresistive ratio of ~ 23% at 15 kOe,
which is almost the same as the value measured at 100 nA.

It is now clear that the 13 nm-thick film displays a
current-independent weak negative magnetoresistive effect at
lower temperatures because of the commonly reported spin-

5.127.29.30] How-

dependent tunneling across grain boundarie
ever, the 6 nm-thick film shows various aspects of the mag-
netoresistive effect. Here, we consider that the electrical con-
tact between FMM grains plays a key role. At 120 K, which
is higher than the MIT temperature 7p, the FMM grains do
not touch each other, so the thinner film simply gives a neg-
ative magnetoresistive effect, as normal. Because the thin-
ner film has more FMM grains with smaller sizes, its mag-
netoresistive ratio is larger than that of the 13 nm-thick film,
as shown in Fig. 3(d). At 65 K and 40 K below Tp, the thin-
ner film displays the PMR effect, which has rarely been ob-
served in doped manganites. Endo ef al. reported a similar
PMR behavior in Lag7Bag 3MnO3 films epitaxially grown on
LaAlOs substrates by the ion beam sputtering technique, *!]
but its dependence on the test current was not mentioned. We
note that some authors have reported a giant (volume) mag-
netostrictive effect in doped manganites with a coefficient of
~ —1074,132-35] while it is around 10> in conventional ferro-
magnetic materials. In addition, Ba-doped manganites show
much larger negative magnetostriction than their Sr- and Ca-
doped counterparts. 33! According to these conclusions, in the
present work, we speculate that the PMR effect might result
from the giant negative magnetostriction of the FMM grains.
When the temperature decreases below 7p, the number of
FMM grains increases and they come into contact with each
other, resulting in a decline in the resistivity. However, the
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newly-established contacts are fragile. Under the applied mag-
netic field, volumetric shrinkage of the FMM grains occurs
due to the negative magnetostrictive effect. As a result, the
weak contacts of the FMM grains begin to disconnect, giving
rise to the PMR behavior observed in the thinner film. At the
higher temperature of 65 K, the contacts are even worse, so
the 6 nm-thick film has a higher PMR ratio of ~ 70% than the
value of 45% at 40 K, as shown in Figs. 3(b) and 3(c). At
the higher test currents of 100 nA and 40 K, the thinner film
displays negative magnetoresistive and PMR behaviors when
exposed to magnetic fields below and above 7.5 kOe respec-
tively, as shown in Fig. 3(a). Because of the large ER effect in
the thinner film, we consider that the higher current enhances
the contacts between FMM grains, so that the film shows a
normal negative magnetoresistive effect under magnetic fields
of less than 7.5 kOe. With an increase in the magnetic field
above a value of 7.5 kOe, the magnetic field is high enough to
break the contacts, resulting in PMR behavior in the thinner
film.

So far, it has been found that the magnetoresistive effect
in LBMO films is closely related to the film thickness. To more
fully investigate the influence of film thickness on the magne-
toresistive effect, we further decreased the film thickness to
4 nm. The temperature-dependent resistivity and magnetiza-
tion of the 4 nm-thick film are shown in Fig. 4(a). It can be
seen that both its 7p (78 K) and T¢ (250 K) decrease a little
(~ 20 K), compared to those of the 6 nm film, suggesting finer
FMM grains in the thinnest film. We note that the resistivity at
temperatures below 7p is almost one order of magnitude larger
than that in the 6 nm film (shown in Fig. 1(b)), implying even
worse electric contacts between the FMM grains than those in
the thicker film.

We also measured the magnetic-field dependence of the
resistivity for the 4 nm-thick film under a magnetic field per-
pendicular to the film plane at various temperatures and test
currents, as shown in Figs. 4(b)-4(d). At 40 K in Fig. 4(b),
the 4 nm-thick film shows some differences compared to the
thicker 6 nm film. First, it can be seen that the resistivity
under a zero magnetic field increases when the test current is
increased from 1 to 100 nA, suggesting a positive ER effect,
which is in stark contrast to the 6 nm-thick film. While the
electric current/field induced conductive filaments are bene-
ficial to the electric transport, we consider that local Joule
self-heating at the weak contacts plays a negative role. It has
been reported that Joule self-heating breaks the weak contacts
between the FMM grains, but leads to a negligible change in
the sample’s temperature.[!”-36] Because of the much higher
low-temperature resistivity of the 4 nm-thick film, the negative
effect of local Joule self-heating on the transport properties is
larger than the positive effect of the conductive filaments,
thus resulting in an increase in resistivity with increasing
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test current. Second, the resistivity at currents of less than
100 nA shows a continuous decrease with increasing magnetic
fields of up to 15 kOe, rather than the upturn at 7.5 kOe in the
6 nm-thick film shown in Fig. 3(a). This means that the larger
Joule self-heating caused by the higher current already breaks
most of the weak contacts between the FMM grains, hence
the 4 nm-thick film shows a commonly observed negative MR
due to spin-dependent tunneling. Third, the resistivities at less
than both 1 nA and 10 nA display a positive magnetoresis-
tance under magnetic fields of les than ~ 10 kOe, followed by
negative MR with a further increase in the magnetic field. An
explanation is that the lower Joule self-heating powers only
break a small number of the weak contacts, and the volumet-
ric shrinkage of the FMM grains under a magnetic field then
further breaks the weak contacts, which in turn results in pos-
itive magnetoresistance under lower magnetic fields. When
the magnetic field reaches ~ 10 kOe, almost all of the weak
contacts are broken, so the resistivities show a turning point to
negative MR.

Another point worth noting in Fig. 4(b) is that the mag-
netic field (~ 13.5 kOe) corresponding to the MR turning point
under 1 nA is higher than that (~ 12 kOe) at 10 nA. This im-
plies that more weak contacts remain in the thinnest film un-
der a lower test current (1 nA), so that a higher magnetic field
is needed to break them. Under 15 kOe, it is also interest-
ing that the resistivity decreases when the test current is in-
creased, corresponding to a negative electroresistance, which
is totally opposite to the positive electroresistance under a zero
magnetic field. Because all the weak contacts are broken due
to the magnetostriction of the FMM grains under high mag-
netic fields, Joule self-heating can do little to break the con-
tacts between FMM grains. On the other hand, the electric
current/field induced conductive filament plays a bigger role
in this case, resulting in negative electroresistance under high
magnetic fields.

When the temperature is increased to 65 K, the 4 nm-
thick film displays similar p—H curves in Fig. 4(c) to those at
40 K. The major difference is that the magnetoresistive turn-
ing points at 1 nA and 10 nA occur at magnetic field strengths
slightly lower than the corresponding values at 40 K. Because
the FMM grains decrease in number at the higher tempera-
ture, it is reasonable that the worse contacts are broken under
a lower magnetic field. With a further increase in temperature
to 120 K, shown in Fig. 4(d), the 4 nm-thick film shows al-
most identical negative magnetoresistive behaviors at various
test currents, implying that the FMM grains are totally sepa-
rated and that the current effect on the electric transport of the
insulating matrix is negligible.

We have now seen that the transport properties of LBMO
films, especially the ultrathin films, is strongly dependent on
the evolution of weak contacts between FMM grains with re-

spect to temperature, magnetic field, and test current. With
an increase in their numbers at low temperatures, the FMM
grains start to touch each other, allowing percolating conduc-
tion in the films. Because of the small grain size, the electrical
contacts between the FMM grains must be weak and subtle.
Under an applied magnetic field, the volumetric shrinkage of
the FMM grains due to the giant magnetostrictive effect breaks
the weak contacts, leading to positive magnetoresistance. The
test current has two contrary effects on the weak electrical con-
tacts. One is the current-induced conductive filaments in the
grain boundaries when the contacts are not too bad, resulting
in a negative ER response in the 6 nm-thick film. The other
is local Joule self-heating at grain boundaries, leading to the
melting of weak contacts in the case of the poorer contacts, as
demonstrated by the 4 nm-thick film. Because of the unique
role of the weak contact/grain boundary between the FMM
grains, the LBMO ultrathin films exhibit multiple electro- and
magnetoresistive phenomena. Further investigation of these
phenomena might confirm that they are promising candidates
for use in memory devices and magnetic-field sensors.

4. Conclusion

In summary, we have investigated the magnetoresistive
effect of Lag gBag,MnQOj3 ultrathin films with various thick-
nesses. A remarkable PMR phenomenon is found in the 6 nm-
and 4 nm-thick films, which also show a large ER effect at
low temperatures. The ER effect reveals that the weak con-
tact/grain boundary between FMM grains plays an important
role in the transport properties of ultrathin LBMO films. The
PMR behavior can be attributed to the breaking of weak con-
tacts, due to volumetric shrinkage of the FMM grains due to
giant magnetostriction in Ba-doped manganites. It is inter-
esting that the PMR ratio becomes negative under higher test
currents or at temperatures above 7p. The magnetoresistive ra-
tio of the 4 nm-thick film at 40 K under 15 kOe changes from
+46% to —37% when the test current is increased from 10 nA
to 100 nA. In addition, the two ultrathin films show opposite
ER behaviors under a zero magnetic field. The complicated
MR and ER manifestations are attributed to the contrary ef-
fects of the electric current/fieldinduced conductive filaments
and local Joule-self heating at the grain boundaries. Our ex-
perimental results call for further investigation of the uncon-
ventional PMR effects in the LBMO ultrathin films, such as
their anisotropic response to the applied magnetic field and
the influence of oxygen deficiency in the films, especially at
grain boundaries.
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