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Impact of a ferromagnetic insulating barrier in perovskite-based magnetic tunnel junctions
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We investigate spin-dependent conductance across a magnetic tunnel junction (MTJ) including a ferro-
magnetic insulating barrier. The MTJ consists of two half-metallic ferromagnetic La,;3Sr;3sMnO; (LSMO)
manganites as electrodes and La,NiMnOg (LNMO) double perovskite as a ferromagnetic insulating barrier.
The resistance of the junction is strongly dependent not only on the orientation of the magnetic moments in
LSMO electrodes, but also on the direction of the magnetization of the LNMO barrier with respect to that of
LSMO. The ratio of tunnel magnetoresistance reaches a maximum value of 24% at 10 K, and it decreases with

temperature until it completely disappears above the critical temperature of LNMO at 280 K. The tunneling
process is described using a mechanism which involves both empty and filled e, states of the LNMO barrier
acting as a spin filter. A magnetic insulating barrier is an interesting path for achieving room temperature

magnetoresistance in oxide-based heterostructures.
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I. INTRODUCTION

Spintronics uses the electron spin degrees of freedom
to manipulate the electron transport or to store informa-
tion. An entirely new generation of electronic devices has
emerged with spintronics featuring nonvolatile storage, ultra-
fast switching, reduced energy consumption, and increased
integration density [1,2]. Tunnel magnetoresistance (TMR),
one of the most important phenomena in spintronics, was first
discovered by Julliere in 1975 in magnetic tunnel junctions
(MT1Js) [3]. Since then, MTJs have generated considerable in-
terest due to their potential applications in spin-electronic de-
vices such as magnetic sensors and magnetic random-access
memories (MRAMSs) [4]. MTJs consist of two ferromagnetic
metallic layers separated by a thin insulating barrier. In MTJs,
the ratio of TMR depends on the relative orientation of the
magnetization in the two ferromagnetic layers on each side of
the barrier, which can be controlled by an external magnetic
field. The tunnel magnetoresistance can be expressed in term
of the junction resistances when the magnetic moments of
two ferromagnets are parallel (Rp) and antiparallel (Rap), as
follows:

TMR = (RAP — RP)/RP X 100,

It has been shown that half-metallic materials that possess
only one spin polarization at the Fermi level can produce
a very large TMR ratio due to their large spin polarization
[5]. Among the materials that are half-metals, manganites
are considered as popular choices for ferromagnetic
electrodes in MTJs due to their large spin polarization
and tunable transition temperature that can be used to
design electronic devices to meet specific functional
requirements. The best results on manganite-based MTJs
have been reported with optimally doped Las;3Sr;;3MnO3
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(LSMO) manganite [6-8], particularly it showed a TMR
as high as 1850% in a LSMO/SrTiO;/LSMO MT]J,
corresponding to a spin polarization of 95% for LSMO at low
temperature [9].

Two types of barriers have been extensively studied in
MT]Js, including amorphous and crystalline insulating barri-
ers. Amorphous barriers such as AlO, were a common choice
in the first generation of MTJs due to their ease of fabrication
process, spin conservation across the barrier, and pinhole-free
layers [10,11]. MTJs with amorphous barrier never showed
TMR larger than 81% at room temperature which were in
close agreement with Julliere’s model prediction [12]. The
most remarkable results were obtained using crystalline insu-
lating compounds such as MgO as the tunnel barrier, leading
to a large TMR of up to 600% at room temperature due to
coherent tunneling through the barrier [13,14]. Since then,
crystalline insulating barriers have been the focus of MTJs’
studies.

Due to the rarity of ferromagnetic insulators, this type of
barrier has not been explored extensively. Only a few studies
have investigated the effect of magnetic barriers on TMR in
spin-filter junctions [15-17]. For instance, Gajek et al. [15]
have demonstrated that a TMR of up to 50% can be obtained
in Au/BiMnO;/LSMO junctions according to whether the
magnetization of BMO and LSMO are parallel or opposite.
It should also be noted that spin-filter junctions usually op-
erate at low temperature and the TMR decays very fast with
temperature.

In the present work, we use a La;NiMnOg (LNMO) double
perovskite to explore the impact of a ferromagnetic barrier on
the TMR of MTJs. The insulating nature of LNMO provides
the tunneling conditions in the entire temperature range of op-
eration, combined with a ferromagnetic order with a transition
temperature ranging from 180 to 285, K depending on the
level of cationic ordering in the sample [18,19]. In the case of
cation-disordered LNMO with the lowest magnetic transition,
Mn*t and Ni%* cations position randomly at the 3d metal
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FIG. 1. Schematic of the MTJ device consisting of two
Lay3Sr,,3MnOs3 electrodes (yellow) separated by a La;NiMnOg bar-
rier (blue). The middle slab (red) separating two devices is made
of an amorphous layer of SiO, deposited on the bottom layer of
epitaxial LSMO. This slab includes also an insulating nonepitaxial
LNMO/LSMO cover.

sites. In ordered LNMO, Mn** cations are surrounded by six
Ni?* ions and vice versa, giving rise to the highest possible
magnetic transition in this compound. We also employ half-
metallic LSMO manganite as the electrodes to maximize spin
polarization. We explore how the tunneling occurs through the
magnetic barrier and propose a mechanism involving empty
and filled e, states around the Fermi level in the barrier. It is
also shown that the device can be operated up to 280 K, close
to the maximum magnetic phase transition temperature of the
LNMO barrier.

II. EXPERIMENTS AND METHODS

The MTJ devices consist of a ferromagnetic insulating
LNMO barrier sandwiched between two half-metallic LSMO
layers as the electrodes. Pulsed laser deposition (PLD)
technique has been used to grow epitaxial layers of LSMO
and LNMO on (001)-oriented SrTiO3 substrates. A schematic
illustration of the final device is displayed in Fig. 1. In order
to fabricate a MTJ device, first a layer of LSMO is deposited
on the substrate, followed by patterning a resin layer using a
photographic technique defining a strip of exposed LSMO in
the middle of the layer. Then, a 100 nm-thick amorphous SiO,
layer is deposited using RF magnetron sputtering. Following a
lift off that removes the resin covered by the amorphous layer
and leaves a strip of SiO, on top of LSMO, a LNMO layer
and then a LSMO layer are deposited. The amorphous strip
of SiO; inhibits the epitaxial growth of LNMO and LSMO
layers on top of it, imposing a current flow through the barrier
with the contact configuration shown in Fig. 1. The bottom
and top LSMO electrodes are 50 nm thick, while the thickness
of the LNMO barrier is 40 nm. Also, the surface area of each
junction is around 0.5mm?. Structural characterization
were performed using a Bruker AXS DS diffractometer
with CuK,; radiation in a 260/w configuration. Further
surface investigations have been performed using a Veeco
dimension icon atomic force microscope (AFM). A physical
properties measurement system (PPMS) from quantum
design was employed to carry out the transport measurements
with the help of a horizontal rotator option allowing us to
apply magnetic field in different directions with respect to
the interfaces of the sample, in the temperature range of
10 K to 300 K. Finally, the magnetization measurements were
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FIG. 2. X-ray diffraction (XRD) pattern of a trilayer MTJ device
consisting of two LSMO layers and one LNMO layer on a STO
substrate.

performed using the reciprocating sample option (RSO) of a
7T SQUID magnetometer from quantum design.

III. RESULTS AND DISCUSSION

The XRD 20/w scan of the epitaxial part of the sample
in the range from 10° to 80° (see the Supplemental Material
[20]) confirms the absence of impurity or secondary phases in
the samples by assigning all the peaks to LSMO and LNMO
layers. A magnified view of a XRD pattern around the (002)
peak from the substrate is displayed in Fig. 2 where the (004)
reflections from the LSMO and LNMO layers can be clearly
seen, indicating the out-of-plane growth of these epitaxial lay-
ers. AFM measurements on the surface of the bottom LSMO
layer before completing the device show a surface roughness
less than 1 nm over a lateral distance of 5 um for a 50 nm-thick
LSMO Ilayer. In addition, AFM images of the top LSMO
layer indicate a pinhole-free growth of the two top layers
with roughness of the order of 10 nm (see the Supplemental
Material [20]). These two separate AFM checks confirm well-
defined interfaces between the layers with roughness of only
a few nanometers over lateral distances of the order of 5 um.

Field-cooled magnetization of a MTJ device was measured
as a function of temperature at a fixed magnetic field of 200 Oe
in the temperature range from 10 to 370 K. As depicted in
Fig. 3, the sample clearly goes through two magnetic phase
transitions at approximately 180 and 350K, corresponding
to the ferromagnetic-paramagnetic transitions of LNMO and
LSMO layers, respectively. The transition temperatures were
determined from the minimum in the derivative of the mag-
netization with respect to temperature (inset of Fig. 3). The
low transition temperature of the LNMO layer compared to
its maximum 7; of 280 K-285K [21] is ascribed to a low
cation-ordering level in the system, where Mn** and Ni**
ions occupy B/B’ sites randomly with partial ordering. The
exact transition temperatures observed in this specific trilayer
is set in part by the growth conditions that are not optimized,
but also by the lattice mismatch with the substrate and be-
tween the layers themselves [22].
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FIG. 3. Field-cooled magnetization as a function of temperature
under a magnetic field of 200 Oe for a LSMO/LNMO/LSMO MTJ
device. The inset shows the derivative of the magnetization versus
temperature.

Figure 4(a) shows the temperature dependence of the junc-
tion resistance measured at low bias under zero and 0.2T
magnetic field applied parallel to the surface of a trilayer
device. In addition, Fig. 4(b) displays the conductance as a
function of voltage at 10 and 300 K. The nonlinear behavior
of the conductance implies that a direct tunneling channel
through the barrier exists in our device, and that it persists up
to room temperature. It needs to be considered that the tunnel-
ing can also occur via multistep channels through the defects
in the barrier. Nevertheless, the spin of electrons should be
preserved during the tunneling through each of these channels
and the type of channel does not alter the outcome of the
tunneling process. Moreover, the presence of parallel diffusive
channels cannot be ruled out in our devices and evidence
of them are actually observed in the MR measurements dis-
cussed below. Devices with thinner barrier and smaller lateral
sizes are required to isolate their purely tunneling contri-
bution. Similar to typical oxide-based MTJs, the resistance
of our devices exhibits different temperature dependence in
different temperature regions in Fig. 4(a). From 185 to 300 K,
the junction shows a semiconductinglike behavior where the
resistance increases with decreasing temperature, consistent
with the conductance signature of direct tunneling transport in
the junction at 300 K in Fig. 4(b) [23]. This is a common char-
acteristic feature in all MTJs, regardless of their compositions
[7,13,24]. The nonmetallic behavior is also consistent with
the insulating resistivity for LNMO [25]. However, below
185 K, the junction enters a low temperature region in which
the zero-field resistance decreases with decreasing tempera-
ture which is incompatible with the nonmetallic behavior of
LNMO. There have only been a few oxide-based MTJs that
exhibit this unusual metalliclike resistance. Its origin has not
yet been determined, but it was proposed that it may be the
result of oxygen deficiencies at the interface when the barrier
is an insulator [7,8,26]. In our case, this anomaly in our MTJ
devices could instead be attributed to the onset of magnetic
order around 200 K in most of the LNMO barrier as confirmed
by the magnetization in Fig. 3. The decreasing resistance

1 —eo— H=0 (a)

1.0 H = 2000 Oe

0.8
—_ ‘\\

G 0.6 \
g \
e« 0.
.2
0.41 —— R(H=0)-R(H=2000 Oe)
% o1
0.2
0.0 T T T T
0 50 100 150 200 250 300
0.0 . : . . . .
0 50 100 150 200 250 300
T (K)
1.40 4.30
(b)
E—

1.351 F4.23
—_ D —_
n 0n
31304 F4.16 2
(O] (O]

1.25 -4.09

1201, : : : : : —L4.02

-3 -2 -1 0 1 2 3
Voltage (V)

FIG. 4. (a) Temperature dependence of the junction resistance at
zero and 0.2 T magnetic field. Inset displays the difference between
the two curves (magnetoresistance) which goes to zero at 275 K.
(b) Conductance as a function of voltage for MTJ devices. Dark
blue squares and dark red circles indicate the conductance at 10 and
300 K, respectively.

would then imply an increase of the tunneling probability
through the LNMO barrier as its magnetization grows.

The application of 0.2T magnetic field lowers further
the junction resistance in the same temperature range below
200 K. In fact, the observed magnetoresistance goes to zero
at 275K as shown in the inset of Fig. 4. This onset tempera-
ture is very close to the maximum 7; of 285K observed for
cation-ordered LNMO [21]. Although we cannot really ob-
serve a magnetic transition around 275 K-285 K in the M(T)
curve in Fig. 3, we cannot rule out the presence of domains
with a high degree of cationic ordering with such high T;.
Moreover, in contrast with the typical behavior of colossal
magnetoresistance in manganites which usually shows a shift
in the resistance peak to higher temperatures under an applied
magnetic field [27], the position of the peak in the R(T)
measurements of our devices does not change with magnetic
field, indicating clearly that the magnetoresistance does not
originate from the LSMO layers [26]. Thus, the high-field MR
is likely from a parallel diffusive channel in LNMO. Alto-
gether, the conductance of these devices is controlled mostly
by the magnetic polarization of the barrier with respect to the
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FIG. 5. TMR versus applied magnetic field at (a) 10K and
(b) 250 K. (b) demonstrates that the tunneling process persists even
above the apparent transition temperature of the LNMO barrier at
180 K.

metallic and ferromagnetic electrodes for one channel and a
background MR of LNMO.

Figures 5(a) and 5(b) present the magnetic field depen-
dence of the MTJ resistance at 10 K and 250 K with the
magnetic field applied parallel to the surface of the film.
The junction shows a symmetric magnetoresistance hystere-
sis loop with low and high resistance states defined by the
parallel and antiparallel alignment of the magnetic moments
in LSMO and LNMO layers with respect to each other. This
trend persists up to 280K (Fig. 5(b), and also shown in the
Supplemental Material [20]). As schematically illustrated in
Fig. 5(a), switching between the low and high resistance states
is governed by the magnetization direction in the LNMO
barrier. In general, we have observed that LNMO thin films
present larger coercive fields (~500 Oe—1000 Oe) than LSMO
films (~50 0e-300 Oe): see the Supplemental Material [20].
While LSMO films show usually sharp polarization switches
at their coercive field, LNMO films tend to have broader
polarity transitions (see the Supplemental Material [20]). In
a sufficiently high magnetic field, the magnetic moments of
all three layers are aligned and the junction stays in the

lowest resistance state. With decreasing magnetic field, the
magnetic moments of the LNMO layer start flipping gradually
and orient antiparallel to those of the LSMO electrodes. This
antiparallel configuration in some areas of the junction blocks
the low-resistance conduction paths and consequently con-
duction occurs via another channel with higher resistance. The
gradual increase of resistance continues as more magnetic do-
mains flip in the LNMO layer, until the magnetic field reaches
the coercive field of LSMO. At this point, the junction reaches
its maximum resistance at 160 Oe, where a large proportion
of the magnetic domains in the LNMO barrier are aligned
in the opposite direction with respect to those of the LSMO
electrodes. This magnetic field is very close to the coercive
field of LSMO (see the Supplemental Material [20]) and far
from the coercive field of the device (see Fig. 7 and discussion
below). From 160 Oe, further increasing the magnetic field
flips rapidly the magnetic moments of both LSMO electrodes.
If we assume that the top and bottom LSMO electrodes in our
devices have identical coercive fields, this rapid flip of both
LSMO electrodes results again in the all-parallel configuration
and reestablishes the high conduction paths. Consequently, the
resistance decreases with field above 160 Oe. Unlike typical
TMIJs with a sharp switching between two resistance states at
the different coercive fields of the ferromagnetic electrodes
[28,29], the rounded shape of the MR peak in our device
can be attributed to the presence of a magnetic spacer with
a gradual switching of its magnetic moments.

The difference in resistance between the two magnetic
configurations in our MTJ devices originates from the con-
tribution of different direct tunneling processes taking into
account the location in energy of the spin-polarized occupied
and unoccupied levels in LNMO. Based on band structure
calculations [30], these levels in LNMO can be positioned
roughly according to the schematic presented in Fig. 6(a),
assuming that the Fermi energy (Er) of insulating LNMO
is sitting in the middle of its gap. Tunneling can take place
through several channels in which the height of the barrier is
defined by the spin polarization of empty and filled e, states.
The first type of channels involves electrons in LSMO e,
levels tunneling through the barrier defined by the bottom
of the band corresponding to the empty e, levels above the
Fermi energy of LNMO. The second type of channels involves
instead hole tunneling through the occupied states of LNMO
below the Fermi energy. In this mechanism, we assumed that
electrons can only tunnel between bands carrying the same
symmetry explaining the absence of a hole channel in the
antiparallel configuration. If tunneling does not require that
the wavefunction symmetry must be preserved but only the
spin, an additional hole channel through the occupied 1,
levels should also be considered. However, since it is further
away from Ef than the occupied e, levels for the hole channel
of the parallel configuration in Fig. 6(a), it would lead also
to a higher resistance. It should be underlined that doping
due to offstoichiometry, for example oxygen vacancies which
is a common scenario in oxides, will likely shift Ep in the
gap of LNMO toward the empty e, states. This shift only
changes the magnitude of the barrier heights for the electron
and hole channels but their role in the tunneling processes
remains unchanged. For this reason, the contribution from the
hole channels will be neglected due to possible higher barrier

064405-4



IMPACT OF A FERROMAGNETIC INSULATING BARRIER ...

PHYSICAL REVIEW B 109, 064405 (2024)

—»
=/

the

LSMO Ni%+ Mn**

(b) 4{}7 Niz+ e,

Mné+

FIG. 6. (a) Schematic of the conduction mechanism including
the electron and hole channels in our devices in parallel and antipar-
allel configurations. Oxygen levels have been left out intentionally
as they are not affecting the final outcome. The electron and hole
channels are represented with the dashed and solid lines, respectively.
Simplified schemes of the conduction mechanism excluding the hole
channels for (b) parallel and (c) antiparallel configurations.

heights. This assumption will also simplify the description of
the direct tunneling below.

Since the electron spin polarization should be preserved
during these different tunneling processes, the magnetic polar-
ization of the barrier will select specific channels. The energy
barrier height will then be set by the energy position of these
empty e, states of LNMO relative to Eg. Figure 6(b) shows a
schematic of the all-parallel configuration in which the hole
channel is not included for simplicity. In this arrangement, the
empty e, levels of Mn**+ contribute to the tunneling current
defining a barrier height of roughly 1eV for this channel.
When both LSMO electrodes are antiparallel with respect to
that of LNMO as in Fig. 6(c), the tunneling occurs through the
empty e, levels of Ni?* implying a barrier height of roughly
1.25eV. This higher barrier explains the higher resistance
when the polarizations of LNMO and the LSMO electrodes
are opposite.

As mentioned previously, the presence of some diffu-
sive conduction channels alongside the tunneling channels
cannot be ruled out. These channels may contribute to the
conductance of our junctions by providing the background
magnetoresistance that we observe in all our data in Fig. 5
(and also in the Supplemental Material [20]), which is
commonly observed in LNMO double perovskites [25]. Nev-
ertheless, the domination of the direct tunneling is confirmed
by the G(V) measurements [Fig. 4(b)] which is also causing
the irreversibility in our R(H) measurements.

Figure 7 displays the magnetic hysteresis loops of the MTJ
device at 10 and 300 K with the magnetic field applied parallel
to the surface of the sample. Magnetization at 10 K reaches
saturation at magnetic fields of the order of 1000 Oe, matching
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FIG. 7. Magnetic hysteresis loops of the MTJ device with mag-
netic field applied parallel to the surface of the sample at 10 and
300 K. The M(H) loop at 300 K indicates that the LSMO electrodes
are still ferromagnetic at room temperature.

closely the field required to reach resistance reversibility in
the R(H) measurements at the same temperature. It confirms
that the magnetic moments of LNMO layer saturate and com-
pletely align with those of the LSMO electrodes at high field.
Moreover, the coercive field (H.) of the devices is found to
be 210 Oe which is closer to the coercive field of a LNMO
monolayer (240 Oe) than that of a LSMO monolayer with
H. ~ 140 0Oe (see the Supplemental Material [20]). In fact,
this confirms that the switching field of 160 Oe observed in the
R(H) data in Fig. 5(a) is related to the polarization switching
of LSMO. Also, the M(H) loop at 300 K shows a sharp polar-
ization switching, confirming that the device is still magnetic
at room temperature and its magnetization originates only
from the LSMO electrodes. Generally, MTJs made with a
regular insulator have the same coercive and switching fields.
In our case, the higher coercive field in the magnetization
measurements originates from the contribution of the LNMO
layer, whereas the switching field (the peaks) observed in the
R(H) measurements is mostly a signature of the coercive field
of the LSMO layers. These findings are consistent with the be-
havior observed in a spin-filter device containing BiMnOs3 as
a ferromagnetic insulating barrier [15], where a coercive field
of 460 Oe was measured from magnetization measurements
while the switching field was as low as 100 Oe, corresponding
to the coercive field of the LSMO electrode.

The ratio of TMR is extracted from the R(H) data collected
for different temperatures up to 300K (see the Supplemental
Material [20]) and is displayed in Fig. 8. The maximum TMR
ratio is 24% at 10 K, while it drops rapidly to 0.1% at 280 K.
No irreversibility is observed above this temperature even
though the LSMO layers remain ferromagnetic. Typically, the
critical temperature of MT]Js is associated with spin polariza-
tion at the interface of the ferromagnetic electrodes and the
barrier, which usually decays much faster with temperature
than the bulk magnetization. For instance, the critical temper-
ature for LSMO-based junctions with nonmagnetic barriers
such as SrTiO3;, LaAlOs, and TiO, are found to be 260, 280,
and 300 K, respectively, while LSMO electrodes are magnetic
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FIG. 8. (Left axis) The ratio of TMR in LSMO/LNMO/LSMO
junctions as a function of temperature. (Right axis) The switching
(peak) field that corresponds to the coercive field of LSMO layers as
a function of temperature.

up to 350K [31]. Unlike MTJs with nonmagnetic barriers,
this temperature of our devices is not only controlled by the
magnetic properties of the electrodes at their interfaces, but it
also depends on the magnetization in the barrier. Nevertheless,
the effect of nonoptimal magnetic properties due to oxygen
vacancies at electrode/barrier interfaces on TMR cannot be
ruled out [8].

Furthermore, contrary to expectations, the TMR does not
disappear above the apparent transition temperature of the
LNMO barrier at 180 K observed by magnetization in Fig. 3.
In fact, we notice that the R(H) loops become noisy and show
a small TMR above this temperature [see Fig. 5(b)]. The ob-
servation of the TMR above the apparent 7. of LNMO can be
ascribed to the presence of some persisting magnetic domains
in the LNMO layer with a higher transition temperature, up
to ~280 K. These domains are probably originating from re-
gions of the LNMO film with a high level of cationic ordering
[18]. These magnetic domains form only a small fraction of
the volume of the LNMO layer, so they could not be detected
in the M(T) measurements dominated by the LSMO transition
above 200 K but can be noticed in the R(H) data. Finally, the

switching field that approaches closely the coercive field of
LSMO electrodes is also plotted as a function of temperature
in Fig. 8. One can see that it follows almost the same trend
as the TMR and that it cannot be detected above 280K,
emphasizing the absence of TMR above the ferromagnetic to
paramagnetic transition temperature of LNMO.

Our results indicate that the use of a LNMO double per-
ovskite as the barrier in MTJs can improve the operating
temperature range of tunnel junctions containing a magnetic
insulating barrier. Better performances are even expected if
one can improve cationic ordering in LNMO and reduce the
size of these devices to isolate the pure tunneling contribution.

IV. CONCLUSION

In summary, we have presented a study of oxide-based
magnetic tunnel junctions including a La,NiMnOg (LNMO)
double perovskite as a ferromagnetic insulating barrier. The
temperature dependence of the junction resistance shows a
similar behavior to that of other oxide-based junctions with a
peak in the midtemperature range. We have measured a tunnel
magnetoresistance of up to 24% at low temperature with a
gradual switching between high and low resistance states. We
demonstrated that the TMR depends on the direction of the
relative polarity of the magnetization of both LSMO elec-
trodes and the LNMO barrier with a mechanism involving
the difference in barrier height driven by the location of the
spin polarized empty and filled e, states in LNMO around
its Fermi energy. The junctions exhibit a TMR up to 280K,
offering an improvement over existing spin-filtering junctions.
A magnetic insulating barrier offers an interesting path for
achieving room temperature tunneling magnetoresistance in
oxide-based heterostructures.
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