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Abstract—Epitaxial La0.7Sr0.3MnO3/LaMnO3/SrRuO3 (LSMO/LMO/SRO) heterostructures with an
LMO layer 0–35 nm thick are grown by laser ablation on an NdGaO3 substrate at a high temperature. Xray
diffraction and transmission electron microscopy demonstrate sharp interfaces and epitaxial growth of the
LSMO and SRO layers in the heterostructures at an LMO layer thickness of 0–35 nm. SQUID measurements
of the magnetic moment of the heterostructures with an LMO layer and the data obtained with reflectometry
of polarized neutrons show that the manganite LMO layer is a ferromagnet at a temperature below 150 K and
strongly affects the magnetic moment of the heterostructures at low temperatures. The magnetoresistance of
the mesostructure created from the heterostructure using lithography and ion etching decreases with increas
ing LMO layer thickness and weakly depends on the direction of an applied magnetic field. If the LMP layer
is absent, a negative magnetoresistance is detected; it is likely to be caused by a negative magnetization of the
SRO layer.
DOI: 10.1134/S1063776114100161

1. INTRODUCTION
The tunnel junctions that consist of two ferromag
netic electrodes separated by an insulator layer are of
interest due to the possibility of creating nonequilib
rium spin polarization of carriers and to a practical
application in energyindependent magnetic memory
[1]. A high tunneling magnetoresistance (TMR),
which is required for practical application of such
structures, appears when a weak applied magnetic
field changes the magnetization direction in one or
two of the electrodes. Using the Julliere model [2], we
can write the magnetoresistance of the tunnel junction
made of two ferromagnets that is induced by the trans
port of spinpolarized carriers in the form [3, 4]
0

G sp = G sp [ 1 + P 1 P 2 cos ( β 1 – β 2 ) ].
0
G sp

(1)

Here,
is the conductivity of polarized spins, P1 and
P2 are the spin polarizations, and angles β1 and β2
determine the magnetization directions in the ferro
magnets. In the limiting cases of antiferromagnetic
(antiparallel) and ferromagnetic (parallel) magnetiza
tion directions, TMR is determined by the carrier
polarization in the two ferromagnets,
R AP – R P
2P 1 P 2
TMR = 
 = 
(2)
,
1 – P1 P2
RP
where RAP and RP are the tunnel junction resistances
for the antiparallel and parallel ordering, respectively.
When the spin polarization directions of the two elec

trodes are opposite to each other, RP is higher than RAP
and TMR corresponds to a negative magnetization of
one of the electrodes.
The authors of [5, 6] experimentally showed that
TMR, which corresponds to a negative magnetic
polarization of SrRuO3 of about 10%, takes place in
tunnel junctions based on epitaxial SrRuO3 films.
However, the calculated values exceed the experimen
tal data and are at a level of –60% [5–7]. As a tunnel
ing layer, an SrTiO3 layer was used in [5, 6]. This dif
ference between the observed and the theoretically
predicted polarizations of SrRuO3 can be related to
the degradation of the properties of the ferromagnet
near the boundary with the insulator, which causes the
appearance of a “dead” (nonmagnetic) layer at the
boundary [8, 9]. The authors of [8] theoretically
showed that the replacement of the SrTiO3 layer by an
LaMnO3 layer in the magnetic tunneling structures
made of oxide materials substantially increased the
magnetoresistance due to better crystallographic and
magnetic (because of the absence of a dead layer
between the layers) matching between the layers. Note
that the theoretical calculations assumed that LMO is
an antiferromagnetic dielectric.
In this work, we present the results of Xray diffrac
tion, magnetic, and magnetictransport measure
ments of the heterostructures made of epitaxial
La0.7Sr0.3MnO3 and SrRuO3 (hereafter, LSMO and
SRO, respectively) films separated by a thin undoped
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Fig. 1. (a) Xray diffraction patterns of the LSMO/SRO
heterostructure and autonomous SRO and LSMO films
grown on an NGO(110) substrate that were recorded in
the Bragg reflection geometry. (b) Smallangle Xray
reflection of the LSMO/LMO/SRO heterostructure
with a 13nmthick LMO layer vs. scattering vector Q.
(triangles) Experimental results and (points) calculation
for an Au/LSMO/LMO/SRO heterostructure with layer
thicknesses 21 nm/36 nm/13 nm/64 nm. The layer thick
nesses determined from theoretical approximation agree
well with the calibration of the layer growth rate in the laser
dependence setup. (inset) Depth profile of SLD vs. the
depth of penetration in a sample.

LaMnO3 (LMO) manganite layer. The Curie temper
ature of an SRO single crystal is TCU = 163 K [10, 11]
and that of an LSMO single crystal is 364 K [9, 12].
Our earlier works showed that the autonomous epitax
ial LMO films grown identically to the heterostruc
tures under study by laser ablation on NGO substrates
have a dielectric temperature dependence of conduc
tivity [13]. They have a resistivity more than 100 Ω cm
at T < 100 K and on the order of 0.1 Ω cm at room
temperature. Below TCU ≈ 150 K, the films are in a fer
romagnetic phase, which was measured by ferromag
netic resonance [13, 14].
We used a bilayer Nb/Au film, which ensured a
lowresistance contact with LSMO and SRO, as feed
electrodes for transport measurements of mesostruc
tures fabricated by lithography and ion etching. At
helium temperatures, an Nb film is in a superconduct
ing state and does not contribute to the resistance of
the heterostructure, and the contribution of Au may
also be neglected due to the use of the fourpoint probe

resistivity measurement method, which excludes the
resistance of the feed electrodes. The magnetization of
an LSMO film usually lies in the substrate plane, and
that of an SRO film is directed at an angle to it [9, 11].
Saturation magnetic fields HS in LSMO and SRO dif
fer by almost two orders of magnitude [10–12]. In low
magnetic fields of about 200 Oe applied in the sub
strate plane, the LSMO film is expected to undergo
magnetization reversal, and these fields are too low for
the SRO film to undergo magnetization reversal. The
high coercive force of SRO makes it possible to create
tunnel junctions without using an additional antiferro
magnetic layer to “fix” the direction of the ferromag
netic layer magnetization, which should be constant in
an applied magnetic field. The study of LSMO/SRO
superlattices using the anomalous Hall effect showed
the presence of an antiferromagnetically ordered hole
gas at the LSMO/SRO interface [15, 16]. A strong
coupling between LSMO and SRO films is also indi
cated by the shift of the hysteresis loop of the bilayer
LSMO/SRO structure induced by an applied mag
netic field (exchange bias). The bias direction corre
sponds to an antiferromagnetic exchange coupling
between LSMO and SRO [17]. This effect is absent at
temperatures above the Curie temperature of the SRO
film.
The purpose of this work is to reveal the effect of an
LMO layer 0–35 nm thick on the magnetotransport
and magnetic properties of the LSMO/LMO/SRO
heterostructure.
2. HETEROSTRUCTURES
Thin LMO, LSMO, and SRO films were grown by
laser ablation in the temperature range 700–800°C on
a (110) NdGaO3 (NGO) substrate. A heterostructure
of total thickness dM ~ 100 nm was grown on a 5 ×
5 mm2 substrate in a vacuum chamber at a pressure of
0.3 bar. After cooling to room temperature in an oxy
gen atmosphere, it was coated with a thin (20–30 nm)
gold layer. Square mesostructures from 10 × 10 to 50 ×
50 μm2 in size were prepared from heterostructures by
photolithography and ionbeam etching at low accel
erating voltages (100–300 V). Mesostructures of
micron sizes were connected to bonding pads of milli
meter sizes with an Nb/Au film. Predominant current
passage in a mesostructure along the normal to the
substrate plane was provided by the insulation of the
lateral faces of the mesostructure with an SiO2 layer.
Epitaxial heterostructure growth was supported by
Xray diffraction and measurements performed on a
transmission electron microscope. Figure 1a shows a
family of Xray diffraction patterns for the
LSMO/SRO heterostructure, an autonomous SRO
film, and an autonomous LSMO film deposited onto
an NGO(110) substrate. It is seen in Fig. 1 that the lat
tice parameter of LSMO in the heterostructure
decreases along the normal to the substrate (a⊥),
which is caused by the tension of the crystal lattice of
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LSMO in the substrate plane (a||). Tension a|| is likely
to be induced by the growth of an LSMO layer
on SRO.
The structural properties of the layers and the inter
faces were studied by Xray and neutron reflectometry.
The essence of the method consists in measuring the
specular reflection coefficient of Xray or neutron
radiation (Rexp) when the glancing angle of incident
beam θ changes. A modeled curve (Rmod) is fitted to an
experimental curve (Rexp) by minimizing the quantity
N

2

( R exp – R mod )

.
2
δR
exp
i=1
where N is the number of experimental points and
δRexp is the statistical error of Rexp. To calculate a mod
eled curve, each layer is described using layer thickness d,
scattering length density (SLD) ρ, and rootmean
square roughness height σ at the upper interface. The
dependence of SLD of a layer containing one type of
atoms can be represented in the form ρ = 4πNb, where
N is the atomic packing density and b is the coherent
scattering length. Xray radiation is scattered by the
electron shell of an atom, and the coherent scattering
length can be written as b = reZ, where re = 2.82 × 10–5 Å
is the classic electron radius and Z is the number of
electrons in the atom (i.e., the serial number in the
periodic table of elements). In contrast to X rays, the
scattering length of neutrons depends on the atomic
number of an element in an irregular manner and can
differ substantially for different isotopes of the same
element. The existence of spin in a neutron makes it
sensitive to the magnetic moment of scattering atoms.
If the layer has magnetic induction B that is collinear
to applied magnetic field H, the SLD of the layer can
be rewritten as ρ± = 4π(Nb ± cB), where B is the mag
netic induction in the layer and c = 0.23 × 10–4
kG/nm2. The signs “+” and “–” in this expression
mean the projection of neutron spin onto applied
magnetic field H. If the layer consists of m atoms, the
SLD of the layer can be written as
2
1
χ = 
N

∑

m

ρ = 4πN

∑b C ,
i

i

i=1

where Ci is the concentration of itype atoms.
To calculate model curves, the exact solutions to a
wave equation are used [18]. However, for clarity, we
present an expression for the reflection coefficient in
the kinematic approximation [18],
l

2

1
R mod ≈ 
( ρ j – 1 – ρ j ) exp ( iQz j – 1 ) ,
(3)
4
Q i=1
where l is the number of alloys and Q = (4π/λ)sinθ is
the angular momentum of a neutron transferred dur
ing reflection. Thus, it follows from Eq. (3) that the
curves of specular reflection of Xray and neutron
radiation from a multilayer system are the sum of sig
nals from various interfaces with various amplitudes

∑
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Fig. 2. TEM image of the SrRuO3 (SRO)/
La0.7Sr0.3MnO3 (LSMO) interface (JEM2100 micro
scope, magnification 800 000). The interface is indicated
by arrows.

depending on the SLD contrast at them. The joint use
of Xray and neutron reflectometry makes it possible
to obtain complete information on the layer thickness,
the atomic packing density in each layer, and the inter
face roughness. In addition, using polarized neutrons,
we can obtain information on the depth profile of the
magnetization of the structure. To separate a magnetic
signal, we can use the spin asymmetry S(Q) = [R+(Q) –
R–(Q)]/[R+(Q) + R–(Q)], where R+ and R– are the
reflection coefficients of neutrons with spins along and
opposite to a magnetic field. Using Eq. (3), we can
show that the spin asymmetry depends linearly on the
magnetic contrast in the system.
Figure 1b shows the experimental and calculated
Xray reflectograms measured on a Bruker D8 diffrac
tometer. The depth profile of SLD plotted as a result of
fitting is shown in the inset to Fig. 1. It is seen from this
profile that the air/gold and gold/LSMO interfaces
generate the maximum Xray radiation contrast; that
is, the Xray reflectogram is most sensitive to the gold
layer. The result of fitting gives a gold layer thickness of
21 nm and a gold surface roughness of 2 nm. Note that
the layer thickness agrees with the calibration of the
laser ablation setup used for layer deposition. Since the
sensitivity of Xray reflectometry to the oxide layer
thickness is low, the oxide layer thicknesses were deter
mined by fitting neutron reflectograms (see below).
A thin plate was cut from the initial heterostructure
grown on a 5 × 5 × 0.5 mm3 substrate by focused ion
etching and was then studied by transmission electron
microscopy (TEM). Figure 2 shows the image of the
cross section of the SRO/LSMO heterostructure
taken with a Jeol JEM2100 transmission electron
microscope. Detailed TEM analysis of the interface
with corrected aberration in SRO/LSMO heterostruc
tures showed that Mn and Ru atoms are mixed on the
scale of one atomic cell and Sr and La atoms are mixed
on the scale of two atomic cells [15]. Electronenergy
loss spectroscopy demonstrated that this interface is
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Fig. 3. (a) Magnetic moment in the substrate plane vs. temperature for an epitaxial LSMO/LMO/SRO heterostructure grown on
an NGO(110) substrate at dLMO = 13 nm. (b) The magnetic moment of the LSMO/LMO/SRO heterostructure minus the para
magnetic component of the NGO substrate.

also characterized by a nonuniform oxygen vacancy
distribution on a scale of 1–2 nm [15, 20].
The magnetic properties of the heterostructures
were studied by SQUID magnetometry and polarized
neutron reflectometry (PNR) [18] in the temperature
range 4–300 K when a magnetic field is applied in the
substrate plane. Figure 3 shows the temperature
dependences of the heterostructure magnetization
measured in heating a sample after preliminary mag
netic field cooling. As is seen from Fig. 3a, the para
magnetic NGO substrate significantly contributes to
the magnetic moment of the heterostructure. This
effect becomes most pronounced at low temperatures,
which hinders the estimation of the magnetization of
thin films. To subtract the substrate contribution, we
used the temperature curve measured at H = 3000 Oe.
Figure 3b shows the results of calculation provided
that the contribution of the NGO substrate contribu
tion at H = 3000 Oe is well above the contribution of
the epitaxial films. This condition is grounded by the

M(H) dependence, which has the shape of a hysteresis
loop with a saturation field of 400 Oe at T = 10 K.
Above H = 400 Oe, a linear change in M(H) is
observed, which is related to the contribution of the
NGO substrate. As is seen in Fig. 3b, the magnetic
moment increases with decreasing temperature in the
temperature range 170 K < T < 300 K, which is char
acteristic of the magnetization of the LSMO layer
below the Curie temperature. Then, the magnetic
moment increases at temperatures below 170 K.
According to [13, 14], this behavior is likely to be
caused by the transition of the LMO layer into a ferro
magnetic state. Apparently, the contribution of the
SRO layer magnetization can increase simultaneously.
At temperatures below 100 K, the magnetization
decreases. The decrease in the magnetic moment at
temperatures below 100 K cannot be unambiguously
interpreted. Nevertheless, the authors of [19] reported
similar appearance of an antiferromagnetic compo
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3. MESOSTRUCTURES
The inset to Fig. 5 schematically shows the mesos
tructure made from the heterostructure. An electric
current passes through the SRO film and the
LMO/SRO, LMO/LSMO, and Au/LSMO interfaces.
Figure 5 shows the resistance of mesostructure RnA
(A = L2 and Rn is the mesostructure resistance at a
voltage of 1.5 mV and T = 4 K) as a function of meso
structure linear size L. The value of RnA should not
change in the case of a uniform current passage in a
mesostructure with interfaces. In our case, RnA
increases with the linear size, which indicates a non
uniform current passage in the mesostructure. Addi
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nent in bilayer LSMO/SRO heterostructures upon
freezing in low magnetic fields.
The data obtained with a SQUID magnetometer
were complemented with PNR data. Since PNR is a
technique based on the magnetic contrast of an inter
face, it has no problems with a paramagnetic signal
from a substrate, in contrast to SQUID magnetometry.
The measurements were carried out on the NREX
polarized neutron reflectometer at the FRM II
(Munich, Germany) research reactor using a sample
with a layer thickness dLMO = 13 nm in the temperature
range T = 4–300 K and a magnetic field H = 30 Oe
after the sample was frozen in a magnetic field H =
4 kOe. Figure 4a shows the R+ and R– curves of spec
ular reflection of polarized neutrons measured at T =
200 K, which is higher than the Curie temperature of
the SRO layer and much lower than the Curie temper
ature of the LSMO layer. When analyzing the curves of
specular reflection of polarized neutrons, we were able
to restore the scattering length profiles of neutrons
polarized along and opposite to the field (inset to
Fig. 4a; dashed and solid lines, respectively). As fol
lows from the SLD curves, the presence of a magnetic
field in the LSMO and LMO layers makes it possible
to distinguish them. The layer thicknesses obtained
from the fitting of the neutron reflectometry curves for
a heterostructure with an LMO layer of thickness
dLMO = 13 nm (according to the calibration of the
sputtering setup) were dLSMO = 37.4 ± 0.3 nm, dLMO =
19.1 ± 0.3 nm, and dSRO = 44.9 ± 3 nm. According to
fitting, the magnetization in the LSMO layer at T =
200 K is 4πMLSMO = 5.00 ± 0.03 kG, which corre
sponds to 2.7μB per manganese atom. Note that the
values of SLD of the oxide layers and the magnetic
moment of manganese atoms agree with the data in
[17, 21]. When the temperature decreases below
150 K, the spin asymmetry oscillation amplitude
increases strongly near Q = 0.2 nm–1 (Fig. 4b).
A quantitative calculation shows that the spin asymme
try at T = 140 K can be described by the introduction of
an additional magnetization 4πMLSMO = 4.2 kG
(2.4μB/Mn) in the LMO layer. The related increase in
the magnetic moment agrees with the SQUID magne
tometry data presented in Fig. 3b.
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Fig. 4. (a) (points) Experimental and (solid curves) calcu
lated curves of specular reflection of polarized neutrons for
a heterostructure with a 13nmthick LMO layer that were
measured at H = 30 Oe and T = 200 K. (inset) The depth
profile of SLD for neutrons polarized (dashed curve) along
and (solid line) opposite to a field. (b) (points) Experimen
tal and (curves) calculated spin asymmetry of scattering
measured at a temperature of (dashed curve) 200 and (solid
line) 140 K. (inset) Temperature dependence of the aver
age spin asymmetry in the range 0.17–0.23 nm–1.

tional measurements of the Au/SRO and Au/LSMO
[14, 22] interfaces showed that the Au/LSMO inter
face mainly contributes to the resistance. Taking into
account the fact that the electrical resistivities of the
SRO and Au films are well below that of LSMO, we
can estimate the current spreading length in the meso
structure using the formula [23, 24]
R n Ad LSMO
L S = 
.
ρ LSMO

(4)

Substituting the values RnA = 1.5 × 10–5 Ω cm2 and
ρLSMO = 10–4 Ω cm, we obtain LS ≈ 8 μm at an LSMO
film thickness dLSMO = 40 nm for the mesostructures
with an LMO layer. For the mesostructures without an
LMO layer, LS increases slightly because of an increase
of RnA. Therefore, a nonuniform current distribution
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in the substrate plane is observed in most measured
mesostructures.
Figure 6 shows the conductivity of mesostructures
with dLMO = 0 and 13 nm versus the applied voltage.
The decrease in conductivity σ at low voltages V points
to a tunneling character of the current passage through
the mesostructure without an LMO layer [25]. Indeed,
the averaged (over the quasiparticle momentum direc
tion) interface transparencies estimated from RnA by
the formula [24, 26, 27]
2

3

LSMO LSMO

2π ប 1
2ρ
l
D = 
  =  ,
(5)
2 2 R A
3R N A
e pF N
turn out to be rather low, D = 10–5–10–4. Here, pF is
the minimum Fermi momentum from LSMO and Au
at the following parameters: ρLSMOlLSMO ≈ 10–10 Ω cm2
and RnA = 1.5 × 10–5 Ω cm2. The authors of [28–30]
considered the carrier scattering by magnetic excita
tions, which causes a nonlinear field dependence. The
model of scattering of spinpolarized carriers [30]
implies the following dependence for conductivity of a
magnetic contact:
2

3/2

σ ( V ) = σ 0 + σ 2 V + σ 3/2 V ,
(6)
2
where the term σ2|V | is determined by bulk magnons
and σ3/2|V3/2| is determined by surface antiferromag
netic magnons. As is seen in Fig. 5, both terms of the
σ(V) dependence satisfactorily describe the experi
mental data at voltages lower than 10 mV. At higher
voltages, σ(V) strongly deviates from dependence (6).
The structures with dLMO ≥ 10 nm demonstrate a
radically different voltage dependence of conductivity
σ(V), which cannot be described by a tunnel junction
with two metallic ferromagnetic electrodes. In this
case, the model of two ferromagnets separated by a

−10

1.285
0
V, mV

10

20

Fig. 6. Differential conductivity vs. the bias voltage for
mesostructures with dLMO = (points) 0 and (triangles)
13 nm.

normal metal can be most appropriate [31]. At low
voltages V < 10 mV, the σ(V) dependence is well
described by the relation σ(V) ∝ V–1/2.
4. MAGNETORESISTANCE
OF THE MESOSTRUCTURES
Figure 7a shows a family of magneticfield depen
dences of mesostructure resistance R(H) normalized
by resistance R0 measured in the absence of a magnetic
field (H = 0). The LMO layer thickness changes from
zero to 13 nm. It is seen that mesostructure resistance
MR* = (R0 – R)/R0 decreases with increasing mag
netic field or the LMO layer thickness (also see the
inset to Fig. 7a). At dLMO = 0, MR* has the maximum
value and the R(H) dependence has a weak hysteresis;
that is, R(H) depends on the direction of a change in
the magnetic field (Fig. 7b). At dLMO = 0, the magne
toresistance for the antiparallel location of magnetiza
tions (RAP) is much lower than the resistance during
ferromagnetic ordering (RP); therefore, following
Eq. (2), we can assume the presence of a negative
magnetic polarization in one of the mesostructure lay
ers. The absolute polarization of the SRO film deter
mined from Eq. (2) is P = –0.35% on the assumption
of 100% polarization of the LSMO film at low temper
atures. This value is well below the polarization of SRO
detected in structures with an SrTiO3 layer [5, 6].
A nonuniform current distribution in the mesostruc
ture is likely to weaken the effect of the negative mag
netic polarization of SRO on the R(H) dependence.
At dLMO > 10 nm, no negative magnetic polarization of
SRO is observed in the experimental R(H) depen
dence.
The authors of [8] theoretically showed that the use
of an LMO layer in magnetic tunneling structures sub
stantially increases the magnetoresistance due to bet
ter crystallographic matching and the absence of a
dead (nonmagnetic) layer at the interface between
structure layers. The main assumption in the theoreti
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and LMO layers. The magnetization of the LMO layer
below T = 150 K reaches 4πMLMO = 4.2 kG
(2.4μB/Mn).
At temperatures T ≤ 100 K, a SQUID magnetome
ter detected a decrease in the magnetic moment in the
substrate plane. This decrease can be related to the
exchange interaction observed in SRO/LSMO struc
tures; it results in antiferromagnetic ordering at the
interface. In our case, LSMO and SRO layers are sep
arated by an LMO layer, which is most likely to be an
insulator and limits the interaction between LSMO
and SRO. Therefore, we can exactly state about the
causes of the observed behavior of magnetization only
after performing an additional neutron experiment
upon zerofield cooling. The magnetoresistance of the
LSMO/LMO/SRO mesostructure decreases with
increasing LMO layer thickness. However, a magnetic
field hysteresis exists in fields of several hundred oer
steds at a layer thickness dLMO = 13 nm. In the absence
of an LMO layer, the R(H) dependence exhibits a
magnetoresistance induced by a negative magnetiza
tion of the SRO film. This magnetoresistance is likely
to be substantially determined by an oxygennonsto
ichiometric LMO layer, which becomes ferromagnetic
and conducting, and by nonuniform current spreading
in the prepared mesostructures of micron sizes.

1500

cal calculations was the fact that LMO was an antifer
romagnetic insulator. However, ferromagnetism with a
Curie temperature of about 150 K appears in real epi
taxial LMO films [13, 21]. As a result, all three layers
in the LSMO/LMO/SRO structure turn out to be fer
romagnetic. We assume that it is ferromagnetism in the
LMO layer in our case that decreases MR* with
increasing dLMO. At dLMO = 13 nm, we observed a hys
teresis in the R(H) dependence at low magnetic fields.
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