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Hybrid magnetic heterostructures made of epitaxial manganite La0.7Sr0.3

MnO3 thin film and an intermetallic superlattice (TeCo2/FeCo)n were pre-
pared on orthorhombic NdGaO3 substrates and characterized by means of
magneto-optical Kerr effect, magnetoresistance and ferromagnetic resonance.
Experimental data show that magnetic interaction between La0.7Sr0.3MnO3

and (TeCo2/FeCo)n is of an antiferromagnetic nature. The features observed in
magnetotransport characteristics are caused by the magnetization reversal at
the interface between manganite thin film and intermetallic superlattice.
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INTRODUCTION

The development of spintronic devices based on
nanoscale interfaces of magnetic materials is a
challenging problem.1 Stacks of complex materials
(manganites, multiferroics, rare earth compounds
and others) for non-volatile memory devices were
reviewed in Refs. 2 and 3. Manipulation of phase
transition in manganite La0.7Sr0.3MnO3(LSMO)
thin film was achieved by applying positive/negative
voltage over an additional gate electrode.4 Large
tunneling resistance effect, accompanied with a
moderately magnetoresistance was reported for
LSMO/BaTiO3/Co junctions.5 Recently, a promising
solution was proposed for memory cells providing
reliable spin manipulation and switching of magne-
tization between two stable positions in intermetal-
lic structures.6,7 The solution is based on a

superlattice of exchange-coupled rare-earth com-
pound TbCo2 and 3d transition metal FeCo nanolay-
ers. The structure is characterized by a giant
magnetostriction and demonstrates spin reorienta-
tion transitions by means of an external magnetic
field, and/or elastic strain.1,8–14 In transition metal
oxides (R1�xAxMnO3 , manganites), where R is one
of the rare earth elements La or Pr and A is one of
the alkaline earth metals Sr or Ca, new electronic
states and magnetic phases can arise under electric
field and strain in thin film or at the interfaces with
dielectrics or other oxides.12,15 However, the mag-
netic interaction and electronic and spin states at
the interface between manganites and intermetallic
structures have not yet been studied in detail. In
this paper, we fabricated manganite/intermetallic
heterostructures in order to determine magnetiza-
tion behavior at the interface and to reveal the
influence of spin-polarized current on magneto-
transport characteristics. The preliminary data for
this paper was published previously in Ref. 12.(Received April 28, 2017; accepted November 20, 2017;
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Based on Ref. 12, we estimated the influence of the
interlayer interaction at the interfaces of the man-
ganite and the superlattice, and measured the
magnetoresistance in order to determine its type
and the specificity of the contribution of the inter-
layer interaction. We also studied high-frequency
properties of the structure and determined the type
of magnetic interaction between manganite and
intermetallic layers using the ferromagnetic reso-
nance data.

SAMPLE FABRICATION AND
EXPERIMENTAL

The heterostructures under consideration consist
of two layers. The top layer is the rare earth
intermetallic superlattice, consisting of an
exchange-coupled multilayered [TbCo2 (4 nm)/
FeCo(4 nm)]n (TCFC) stack with n = 25. The bot-
tom layer is the lanthanum–strontium manganite
La0.7Sr0.3MnO3 (LSMO) 30-nm-thick film which
was epitaxially deposited on an orthorhombic
NdGaO3 (NGO) substrate.

The LSMO films were deposited onto 5 9 5 9 0.5-
mm3(110) NGO substrates by magnetron sputtering
at 750–800 �C with oxygen pressure between 0.1
and 0.3 mbar. The desired crystal structure of the
LSMO film was ensured by the lattice parameters of
NGO substrate that promoted the dominance of
uniaxial in-plane magnetic anisotropy.14,16 The
intermetallic superlattice was obtained by the
sequential sputtering of TbCo2 and FeCo nano-
layers under applied magnetic field directed in the
plane of the substrate that defined the direction of
the uniaxial easy axis magnetic anisotropy.9,11,12

The strength of the magnetic anisotropy in the
TCFC superlattice is controlled by the ratio of Tb,
Co, and Fe elements in the layers as well as by the
thickness and number n of TbCo2 and FeCo layers.
The heterostructures were fabricated with direc-
tions of easy axis magnetization of the manganite
and intermetallic superlattice being in parallel. The
LSMO film covers the whole 5 9 5-mm2 area of the
substrate, whereas the TCFC is a 3 9 3-mm2 square
at the center of the sample (Fig. 1).

Magnetic parameters, the coercive force (HC) and
saturation field (HS), of heterostructure were stud-
ied using magneto-optical Kerr effect (MOKE). The
magneto-optical setup comprises a semiconductor
laser operating at a wavelength of k = 0.63 lm and
power P = 5 mW, a beam-splitter glass plate for
forming the reference and signal beams, a k/2 thick
phase-shifter plate for selecting the s- or p-type
polarization of the incident beam, and a polar-
izer/analyzer for selecting the signal caused by the
meridional Kerr effect. The laser spot diameter at
the measuring point is about 1 mm. The investi-
gated sample was placed on a rotary table in the gap
of an H-field electromagnet. The angle (d) of polar-
ization plane rotation of the beam reflected from the
surface of the magnetized sample was determined

by the compensation method using the polarizer-
analyzer. The dependence d(H)/dS�M(H)/MS was
measured, where dS is the MOKE signal at M = MS

(MS is the saturation magnetization of the sample).
A detailed description of the experimental setup is
given in Ref. 6. The vibrating sample magnetometer
(VSM), and the ferromagnetic resonance (FMR)
spectrometer were used for heterostructure charac-
terization as well. Magnetoresistance R(H) depen-
dencies were obtained by measuring the differential
resistance R = dV/dI as a function of the applied
magnetic field H. The Curie temperatures (TC) for
both TCFC and LSMO films were well above room
temperature (300 K) where most of the measure-
ments were carried out. Nevertheless, some of the
resistive characteristics for higher accuracy were
measured at 77 K by the 4-point method.

RESULTS AND DISCUSSION

Kerr Effect Measurements

The magnetic field dependence of magnetization
of heterostructure was obtained by MOKE mea-
surements either at spot A for TCFC/LSMO
heterostructure, or at spot B for the LSMO film
(see Fig. 1). The saturation field for TCFC/LSMO,
HS � 1000 Oe, was typically much higher than for
the LSMO film, HS � 20 Oe. The saturation mag-
netization of the TCFC/LSMO heterostructure is
also much higher than the MS of LSMO film (see
also Fig. 1a; Ref. 12). Note, the influence of the
underlying LSMO film at the spot A is screened for
MOKE measurements by the TCFC film. When
probing the LSMO film only (spot B Fig. 1), a
change of magnetization sign was observed that
points to an antiferromagnetic (antiparallel) mag-
netic ordering of layer magnetizations at the TCFC/
LSMO interface of the heterostructure (Fig. 2).

Figure 3 shows hysteresis loops measured at the
H-field directed along the easy axis. With a large
sweeping range of external magnetic field
(± 1.8 kOe), the hysteresis loop is approximately

Fig. 1. Schematic view of the investigated heterostructures and
MOKE geometry: He-Ne laser (1), polarizers (2), detector (3). ‘‘A’’
and ‘‘B’’ are respectively the spot positions where TCFC/LSMO
structure and LSMO film only were probing.
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equal to the loop of the LSMO film without the
TCFC superlattice on top. The width of the magne-
tization loops for both the TCFC/LSMO heterostruc-
ture and the LSMO film correspond to a coercive
force of about 200 Oe due to influence of TCFC
magnetization on LSMO film. The reason is possible
influence of the stray field of the TCFC superlattice
on magnetization of LSMO film. Quite a similar
effect was observed for the TCFC/Y3Fe5O12

heterostructure.17 However, the mechanism of the
interaction between layers is not clear yet. From
Fig. 3, it is seen that with a smaller sweeping range,
less than 400 Oe, the hysteresis loop of the TCFC/
LSMO heterostructure exhibits a M(H) dependence
with an inverted sign as in the case when the
magnetic field was directed along the hard axis (see
Fig. 2). It indicates the antiferromagnetic nature of
interaction between the layers. When the H-field
sweeping amplitude was larger than 400 Oe, the
magnetization curve for LSMO film repeated the
shape of the magnetization loop of the TCFC
superlattice (see Fig. 1b; Ref. 12).

Magnetometric Measurements

Figure 4a displays the magnetization loop mea-
sured by the VSM for a LSMO film deposited on
NGO substrate. Magnetization loops are given for
two orthogonal orientations of the magnetic field.
The saturation magnetic field and magnetization
are equal to HS = 20 Oe, M0 = 198 emu/cm3, corre-
spondingly. The coercive force is smaller than the
saturation magnetic field due to the influence of the
domain structure.

The VSM-measured magnetization curves of the
LSMO/TCFC heterostructure for two opposite

directions of magnetic field variation are shown in
Fig. 4b. For magnetic field direction along the easy
axis, the magnetization loop exhibits two steps
corresponding to the reversal of magnetization in
the soft (LSMO) and the hard (TCFC) magnetic
layers. A similar behavior of magnetization was
obtained in Ref. 18 by computer simulations per-
formed for bilayer magnetic structures taking into
account the coupling between the layers. The mag-
netization reversal process was investigated as a
function of the strength of the interlayer exchange
field and the ratio of the anisotropy constants of the
magnetic layers. From the magnetic curve (Fig. 4b)
it becomes obvious that a stable antiferromagnetic
layer interaction takes place at a certain range of
the external magnetic field. Taking into account the
magnetization distributions discussed in Ref. 18, we
can conclude that the reversal process proceeds
more uniformly in the hard magnetic layer than in
the soft one. In the former case, the magnetization
undergoes a discontinuous change while its distri-
bution is relatively uniform before the switching. In
contrast, the soft magnetic layer is switched non-
uniformly. The non-uniformity expands gradually,
moving from the edges of the layer towards its
center.

Magnetoresistance

The magnetoresistance of the TCFC/LSMO
heterostructure was measured at T = 77 K for two
directions of the applied magnetic field. For mea-
surements of magnetoresistance, the same
heterostructure but a different experimental lay
out for current bias and magnetic field orientation
was used (see the central inset to Fig. 5a and b). The
resistance was measured over the diagonal direction
of the substrate which corresponds to the magnetic
hard axis. The changing of magnetoresistance was

Fig. 2. Central part of the magnetization curves for both TCFC/
LSMO (dotted line) and LSMO film (solid line) with ± 1.8k Oe
sweeping range. Spot position A corresponds to the MOKE signal
from the TCFC/LSMO heterostructure and (B) is spot position for
LSMO film only (see Fig. 1). The external magnetic field is directed
along the hard magnetization axis (ha). The arrows indicate the
direction of the magnetic field change.

Fig. 3. Central part of the magnetization curve for the LSMO film
(spot position B) for various sweep ranges: (1) ± 100 Oe,
(2) ± 400 Oe and (3) ± 1.8 kOe. The external magnetic field is di-
rected along the easy magnetization axis (ea). The arrows indicate
the direction of the magnetic field sweep.
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about 0.2% at T = 77 K which is smaller than at
T = 300 K.

Let’s first discuss the case in which the magnetic
field is directed along the hard axis of magnetization
(Fig. 5a). With a low field, there is a shift of the
maximum of R(H) which indicates the presence of
ferromagnetism in the heterostructure. The dis-
tance between the peaks of R(H) allows estimation
of the coercive force of the heterostructure.7 The
slope of the R(H) curves indicates the presence of
colossal magnetoresistance in the manganite film.13

The range of R(H) change observed in the magnetic
field (250–500 Oe) is probably caused by the switch-
ing the magnetization of the TCFC superlattice. In
the second case (Fig. 5b), the magnetic field is
directed along the easy axis. Again, there is an 80-
Oe shift of the R(H) maximum with respect to H = 0.
But there is no change of R(H) in the range of 250 to
500 Oe of the external magnetic field.

Figure 6 shows the difference of magnetoresis-
tances for the magnetic field applied along the hard
and the easy axes. The shape of the functions shown

in Fig. 6 reflects the contribution of the interlayer
interaction to magnetoresistance. Giant magnetore-
sistance (GMR) of the heterostructure and aniso-
tropic magnetoresistance (AMR) are proportional to
(cosh)2 where h is the angle between magnetizations
of the layers.17–22 The change of the magnetoresis-
tance caused by the switching of the TCFC film
magnetization was observed for an applied mag-
netic field oriented along the hard axis (Fig. 5a). A
similar behavior has been predicted in Ref. 8.

Ferromagnetic Resonance Studies

The FMR) spectrum for the heterostructure pre-
sented in Fig. 7 was measured at x/2p = 9.74 GHz
and T = 300 K, with an in-plane dc magnetic field
directed along the easy axis. It is seen in Fig. 7 that
there are three regions of ferromagnetic ordering.
The temperature dependencies of the resonance
magnetic field H0 for the three lines in the FMR
spectra indicate that the low-field FMR line in
Fig. 7 belongs to the TCFC superlattice. H0(T)

Fig. 4. The VSM magnetization curves for two structures: (a) LSMO
film and (b) TCFC/LSMO heterostructure. The external magnetic
field is directed either along either the hard axis or along the easy
axis. The directions of the magnetization of the layers in
heterostructure are shown in the inset of Fig. 4b.

Fig. 5. Dependencies of the resistance on the magnetic field applied
along either the hard (a) or easy (b) axes. The orientations of the
magnetic field, dc biasing current directions as well the measurement
scheme along with the topology of the structure are shown in the
insets.

Grishin, Ovsyannikov, Klimov, Demidov, Constantinian, Borisenko, Preobrazhensky, Tiercelin, and Pernod1598



slowly decreases with reducing the temperature T
and seems to indicates a high Curie temperature for
the line (above room temperature). Two other lines
belong to the LSMO film: LSMO-1 corresponds to
the part located under the TCFC film, whereas
LSMO-2 is related to the part of LSMO uncovered
by TCFC. The numbers of spins associated with the
spin-subsystems belonging to LSMO-1 and LSMO-2
are comparable. The estimation was carried out by
calculation of the areas of corresponding FMR
absorption spectral lines.

The FMR linewidths (DH) for LSMO-1 and
LSMO-2 differ by 40–50 Oe. Since both LSMO-1
and LSMO-2 films are prepared on the same
substrate and have the identical crystal quality,
the observed difference in DH is related mostly to
the interaction between TCFC and LSMO. A similar
broadening of the FMR line for such a system with a
ferromagnetic–normal metal interface was observed

earlier and theoretically explained in Ref. 23 by a
spin current from the ferromagnetic to the normal
metal generated by FMR.

Figure 8 shows the angular dependence of the
resonance fields H0(u) for all three spin subsystems.
Within the magnetic field range of the FMR mea-
surements (Fig. 7), all the spin subsystems in the
structure are saturated and all magnetic moments
are directed along the external magnetic field. The
resonance ratio (1) derived in Ref. 24 can be used for
estimation of the magnetic parameters of the films:

x
c

� �2

¼ ðH0 þHu cos 2uu þHc cos 4ucÞ

� 4pM0 þH0 þHu cos2 uu þHc
1 þ cos2 2uc

2

� �

ð1Þ

where c is the gyromagnetic ratio, Hu = 2Ku/M0 and
Hc = 2Kc/M0 are the fields of the uniaxial planar
and biaxial cubic anisotropy, respectively, with
constants Ku and Kc, uu and uc corresponding to
the angles between the uniaxial and biaxial aniso-
tropy easy axes and the external magnetic field,
respectively.

The minimum value of H0 corresponds to mag-
netic field orientation along the easy axes. As seen
in Fig. 8, the easy axes in all three spin subsystems
are almost parallel with a deviation less than 2�–3�.
The evolution of spin subsystems with the lower
resonance fields describes the behavior of the FMR
line corresponding to the LSMO-1, since the param-
eters of this line (the width and the resonance field)
are characteristic for whole LSMO film on NGO
substrate. Obtained magnetic parameters are
shown in insets of Fig. 8.

Fig. 6. Difference between magnetoresistance presented on Fig. 5a
and b. The directions of magnetization in the heterostructure layers
are shown in the insets.

Fig. 7. FMR spectrum of the TCFC/LSMO heterostructure obtained
under an external magnetic field directed along the easy magneti-
zation axis, T = 300 K. The TCFC line is magnified ten times.

Fig. 8. Angular dependence of the resonance fields H0 for the three
FMR lines of the TCFC/LSMO heterostructure. The open triangles
and squares correspond to LSMO-2 and LSMO-1 subsystems,
respectively. Circles are the data for the TCFC superlattice. Solid
lines show the calculated dependencies based on Eq. (1). Fitting
parameters for magnetization MS, uniaxial anisotropy field Hu and
coupling energy J are shown in the insets.
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In order to properly describe the FMR response
for LSMO-2, the exchange interaction between
LSMO and TCFC has been taken into account. For
that, we considered the free energy including the
joint action of Zeeman energy, magnetic anisotropy
with the corresponding constants, and the compo-
nent of bilinear exchange interaction with constant
J. Uniform magnetizations of the films are also
assumed.24,25 The solution of the Landau–Lifshitz–
Gilbert equation yields two resonance relations
describing the FMR in the TCFC and LSMO-2
layers. These relations are analogous to Eq. (1)
where H0 should be replaced by the sums of the two
terms H01 + HJ1 and H02 + HJ2 for the LSMO-2 and
TCFC layers, respectively. Here, HJ1 = J/(M1d1)
and HJ2 = J/(M2d2) are the effective interlayer
exchange fields for the LSMO-2 and TCFC, corre-
spondingly, and d1 and d2 are the thicknesses of
these layers. The angular dependencies obtained
from the resonance relationships for the LSMO-2
and TCFC layers which give the best fit to exper-
imental data are shown in Fig. 8.

First, we calculated the FMR response of a single
LSMO film (the LSMO-1 part). Then, using the
obtained magnetization of LSMO layer along with
the resonance relation that corresponds to the
condition of interlayers exchange interaction, we
calculated the angular dependence of the resonance
fields for the LSMO-2 film. This procedure allowed
determination of the exchange constant J. Finally,
using the obtained J value, the angular dependence
for the TCFC film is calculated and the M2 value is
deduced. As a result, the obtained data allow us to
conclude that our structures with the TCFC/LSMO
interface could be characterized by the antiferro-
magnetic interlayer exchange interaction with the
negative constant J = �0.24 erg/cm.

CONCLUSION

Experimental data obtained on hybrid mag-
netic heterostructures made of epitaxial mangan-
ite La0.7Sr0.3MnO3 thin film and intermetallic
superlattice (TeCo2/FeCo)n by means of the mag-
neto-optical Kerr effect, magnetoresistance and
ferromagnetic resonance show that the step-like
peculiarities observed in magnetotransport char-
acteristics are caused by the process of magne-
tization reversal at the interface between the
manganite thin film and an intermetallic super-
lattice. The experimental data indicate the pres-
ence of an antiferromagnetic (antiparallel)
magnetic state at the TCFC/LSMO interface.
The energy of antiferromagnetic interlayer
exchange interaction J = �0.24 erg/cm was esti-
mated from FMR measurements. The influence
of the stray field of the TCFC superlattice on
magnetization of LSMO was observed. However,
the mechanism of the interaction between layers
is not clear yet.
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