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ABSTRACT: The magnetic pinning properties of a ferromagnet/
superconductor hybrid structure consisting of a
Lay;Sry;MnO;(LSMO) layer with various thicknesses on top of
a fixed thickness YBa,Cu;0,_, (YBCO) layer are investigated in
this article. The existence of a weakly magnetic layer was identified
at the interface between YBCO and LSMO by a ferromagnetic
resonance (FMR) study. Magnetic moment and anisotropy of the
interfacial layer were probed using the angular-dependent FMR
study. This layer gives rise to an additional flux pinning
contribution to the bulk magnetic pinning from the LSMO layer.
Our study provides insight into the complex interface physics in
the LSMO/YBCO bilayer system, promoting a new pathway for
the development of novel flux pinning-related functionality.

B INTRODUCTION

The proximity effect in a superconductor (SC)/ferromagnet
(FM) hybrid system has garnered great interest due to novel
physics phenomena and the potential to exploit them in the
promising avenue of superconducting spintronics.”” The
interaction between superconductivity and ferromagnetism in
these systems leads to a competition between different order
states and a reconstruction of structural coupling between the
two layers, which projects a large impact on the super-
conducting performance by affecting the magnetization
dynamics.”~> Combination of a d-wave high-temperature
superconductor YBa,Cu;O, (YBCO) and half-metallic man-
ganites like La,;Cag33sMnO; (LCMO) or Lagg;Srp33;MnO;
(LSMO) has been the most studied SC/FM oxide system.’”"
There are diversified results regarding the appearance of spin-
triplet supercurrent and the interplay of superconductivity and
ferromagnetism in these bilayer systems. Some studies were
successful to improve the flux pinning and superconducting
properties via generating spin-triplet supercurrent,Q_11 and
several recent experiments revealed that the electronic
interaction, proximity effect, or a “magnetic dead layer” at
the interface can affect the related properties."””"” The
properties and effects of the interfacial layer have been studied
extensively, and some interesting results have been reported,
such as the appearance of perpendicular magnetic anisotropy
in an in-plane anisotropic LSMO film,® the suppression of
superconductivity,'® the appearance of spin-triplet super-
current,'" etc. The origin of this dead layer is not properly
understood and has much scope for debate. In addition to
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intrinsic effects like interfacial strain, electron transfer from
LSMO to YBCO, and possible orbital reconstruction,ls’16
some extrinsic factors like chemical intermixing, oxygen or
cation vacancies, and structural defects can be named as some
of the reasons for the formation of this layer.'” Considerable
research has also been carried out to describe the characteristic
of the interfacial layer and to modulate its effect on the overall
superconductivity of the system.”'” ™'

Ferromagnetic resonance (FMR) measurement is one of the
most efficient techniques to study the interface properties since
it is capable of resolving magnetic signals coming from the
interface layer and the rest of the bulk FM layer. This
technique has been successfully employed to study the
heterogeneous nature of magnetization at the interface of
LSMO thin film originating from substrate-induced strain.”” In
this work, we report and analyze the flux pinning properties of
LSMO/YBCO bilayers and investigate the interfacial magnetic
properties by using both static magnetometric measurements
and dynamic FMR technique. We also probe the symmetry of
magnetic domains by using angular-dependent FMR spectra,
which provide important insight into the possible interfacial
pinning mechanism.
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B EXPERIMENTAL PROCEDURE

A 40 nm thick single-layer YBCO film, a series of LSMO(¢)
films with t+ = 10—40 nm, and LSMO/YBCO bilayers with
YBCO bottom layer were deposited on LSAT(001) substrates
using a pulsed laser deposition system. The targets of LSMO
and YBCO were ablated by using a KrF (248 nm) excimer
laser at a repetition rate of 1 Hz. The LSAT substrate
temperature during the deposition was 750 °C in all cases,
whereas the oxygen pressure was 75 mTorr during the growth
of YBCO and 300 mTorr for LSMO layer growth. All of the
films were annealed with 700 Torr oxygen at 750 °C for 1 h
postdeposition. Depending on the thickness of the LSMO
layer, the bilayer samples are denoted as LY#40 (¢ = 10, 20, 30,
40). For comparison, monolayers of LSMO and YBCO were
also prepared using the same procedure.

The phase purity and lattice parameter were determined by
X-ray diffraction (XRD) measurement using 6—26 scans with
Cu Ka source radiation (4 = 1.541 A). Temperature- and field-
dependent magnetization measurements were carried out using
a magnetic property measurement system (MPMS, Quantum
design). The critical current density of the samples was
evaluated from the magnetic isotherms using an extended
Bean’s critical state model.”?

For the FMR measurements, a microwave source provided
by the Bruker EMX system with a fixed frequency of 9.8 GHz
was used. During the measurement, the system temperature
was fixed at room temperature, and the external magnetic field,
H, was applied parallel to the sample surface and along the
various out- and in-plane orientations of the applied field. The
value of @ is defined as the angle between the normal to the
film surface with the applied field direction. On the other hand,
¢ indicates the in-plane rotation of the applied field.

B RESULTS AND DISCUSSION

The XRD profiles of the bilayer and monolayer films are
depicted in Figure la, clearly showing that all prepared films
are single-phase and c-axis oriented. Lattice parameters of the
samples were calculated using Bragg’s law (2d sin @ = nd). The
bulk c-axis lattice parameter of YBCO is 1.168 nm* (a = 0.382
nm and b = 0.388), whereas pseudocubic LSMO has a bulk
lattice parameter a; = 0.387 nm. In our current samples, the 40
nm LSMO film deposited on the LSAT substrate has the a;
parameter of 0.396 nm, slightly higher than the bulk value. The
smaller lattice parameter of LSAT substrate (0.386 nm, lattice
mismatch ~0.26%) induces compressive strain in the ab plane
of the film, and as a result, strain is relaxed along the c-axis. On
the other hand, no such change in lattice parameter is observed
in the case of the bilayer system, even though YBCO has a
much higher lattice parameter and lattice mismatch (~1.7%),
which can be regarded as a discrepancy in the degree of local
structural distortions.

Figure 1b shows the temperature dependence of magnet-
ization curves for all of the bilayer samples measured in zero-
field cooling (ZFC) and field-cooled (FC) mode (in the
inset(c)) with 100 Oe magnetic field, applied perpendicular to
the film surface. The negative magnetization observed in the
low-temperature region of the ZFC curves exhibits the
Meissner effect, indicating a dominant superconducting state
below Tsc. Above T, a positive magnetic moment is observed
in ZFC due to the ferromagnetic ordering of the LSMO layer.
On the other hand, a positive magnetic moment is observed
throughout the measured temperature range in the case of FC
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Figure 1. (a) XRD profiles of monolayer LMSO and bilayer LSMO/
YBCO samples. The inset shows the LSMO(002) peak. (b)
Temperature dependence of M(T) curves in zero-field cooling
(ZFC). Inset (c): ZFC and FC curves in the LY3040 film and inset
(d): MH curves in a bilayer and monolayer sample.

measurement. A clear degradation of Tc with the increase in
LSMO thickness is evident in Figure 1b. In the monolayer
YBCO film, the Ty is ~84 K, which is reduced to ~52 K in
the case of the LY1040 sample. The Tc values decreased again
and maintained at 48 K for further increase in the LSMO layer
thickness.

In an SC/FM system, superconducting current can tunnel
into the FM layer and the corresponding Cooper pairs
experience an exchange interaction, which suppresses the
superconducting order parameters in the FM layer with the

length scale, & = Z%, where v is the Fermi velocity and AE,

is the exchange splitting. Due to the large value of AE, in
LSMO (5.5 eV),” the length scale of ¢ becomes very small
(~1 nm). Therefore, a change in Ts: due to the proximity
effect in our samples is highly unlikely. On the other hand, the
presence of a heterogeneous magnetic layer at the interface can
affect the superconducting layer upto a certain length scale.
Changing the thickness of the LSMO layer does not affect the
thickness of this interfacial layer, and thus, the T remains
unchanged. Hence, the behavior of Tgc in the current case
indicates the presence of magnetic inhomogeneity at the
interface between YBCO and LSMO. The magnetic
inhomogeneity also decreases the overall magnetization as
can be seen from the magnetization versus applied field curves
for an LSMO monolayer (40 nm) and its bilayer counterpart
(LY4040) measured at 100 K temperature presented in the
inset (d) of Figure 1. A clear degradation of the magnetization
can be observed in the bilayer systems.

Next, we investigated the effect of LSMO capping on the
critical current density (j.) of 40 nm YBCO film. The plots of
the field dependence of j. at 10 K temperature are shown in
Figure 2a, which decreases consistently with the increase in
LSMO thickness over the whole temperature range of the
superconducting phase (see the j. vs T plots in the inset of
Figure 2a). The change in j. with the LSMO thickness implies
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Figure 2. (a) Field dependence of critical current density for the
bilayer samples along with 40 nm YBCO monolayer sample at 10 K.
The inset shows the temperature variation of zero-field j.. (b, c)
Normalized flux pinning force F,/F,,,, plotted against the reduced
field h = H/Hc, at 10 K for two bilayer films. The solid lines are
corresponding fitting results to the theoretical Dew—Hughes scaling
of flux pinning. (d) Temperature dependences of zero-field critical
current density for bilayer and pure YBCO films (in the inset). Solid
lines are fit to the data.

a clear change in the pinning mechanism. The flux pinning
mechanisms of the bilayer samples are analyzed using the
quantitative fittings of the flux pinning forces F, (Fp =j. X H)
to the Dew—Hughes description,25 Fp/Fomax = (1 — h)4
where p and g are the scaling exponents and & is the applied
magnetic field divided by the upper critical field (Hc,) of the
system. H, for each system was estimated by extrapolating the
je vs H curve till j. = 0. Figure 2b,c presents the scaling of
normalized pinning force as a function of h (H/H,) for two
bilayer samples at 10 K and the solid line indicates the Dew—
Hughes fitting to the experimental data. For the LY1040
sample, the fittings are scaled with p ~ 0.8 and g ~ 2.71. As the
thickness of the LSMO layer increases, completely different
behavior is observed, where corresponding scaling parameters
are p ~ 0.9 and g ~ 2.1 for LY2040, p ~ 0.86 and g ~ 2.1 for
LY3040, and p ~ 0.86 and q ~ 2.0 for LY4040. The results
show a minor change in p-value with a huge variation in the g
parameter. Surely, the g parameter plays an important role in
suppressing the overall superconductivity with a magnetic field.
Oh et al”® have shown that flux pinning in the FM/SC
heterostructure is governed by the interaction of vortices with
pinning sites induced by structural defects in addition to
magnetic pinning. The structural disorder of the CuO, planes
at the interface due to coupling between the FM and SC layer
acts as additional pinning mechanism. This hybrid pinning
mechanism promotes a large change in the g parameter while
not affecting the value of p. In our bilayer systems, the
magnetic defect at the interface plays an important role in
decreasing the superconducting properties. Similar behavior
has been seen in the case of LSMO/GdBCO bilayer
samples.”””” The variation of p and g parameters indicates

that the defect contribution is maximum when the LSMO
thickness is 10 nm. As the LSMO layer becomes thicker,
magnetization in the ferromagnetic layer increases, which
enhances the magnetic pinning in these bilayer samples.

To further understand the inherent mechanism influencing
the critical current density in these bilayer systems, the
temperature dependence of j. has been investigated. According
to the theory of Blatter et al.,*® applicable in the framework of
single vortex pinning, the temperature dependence of j. in type
II superconductors with small grain boundaries or polycrystal-
line films can be expressed as j. = jo[1 — T/T¢]" with n as the
power factor, dependent on the pinning mechanism.”” Figure
2c shows the temperature dependence of the zero-field critical
current density of the YBCO monolayer and LSMO/YBCO
bilayer films with the fits to the above function. The obtained
value of n = 1.6 for the YBCO monolayer is very close to the
theoretically expected value of 3/2.°° The n value quickly
increases to 3.13 for the LY1040 sample and then becomes
stable at ~2.5 for the rest of the bilayer samples. The value of n
indicates the robustness of the pinning centers against
temperature, where higher n signifies weak pinning. Thus, a
higher n value in the LY1040 bilayer signifies the presence of
weak pinning centers, which become slightly stronger with the
increase in LSMO thickness. An increase in the thickness of
the LSMO layer increases the magnetization of the FM layer,
which in turn strengthens the magnetic pinning. A similar
conclusion has been found from the analysis of field
dependence of critical current.

Next, we performed room-temperature FMR measurements
on the single-layer LSMO and bilayer systems to gain
information on the magnetic properties of the interfacial
layer. Figure 3a shows the FMR signals of the bilayer samples
while applying the field parallel to the film surface. The bilayer
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Figure 3. Room-temperature FMR signal of the LSMO/YBCO
bilayer (a) for 6 = 90° and (b) different orientations of 6. (c) Fitting
of the FMR signal of a nominal bilayer sample is shown. (d) Evolution
of the FMR signal in an LSMO monolayer film for different out-of-
plane orientations of H.
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films exhibit multiple resonance lines, partially overlapping
each other.

Since YBCO is nonmagnetic and LSMO monolayers mostly
show a single FMR signal, the secondary resonance lines
possibly arise from the heterogeneous magnetic layer at the
interface. The presence of this layer was also evident from our
magnetization measurement. FMR signals obtained while
varying the out-of-plane field direction for a monolayer
LSMO film are shown in Figure 3b. LSMO monolayers
show a single resonance line in the parallel orientation of the
magnetic field but show a secondary FMR line slightly
separated from the major signal when the magnetic field is
oriented in an out-of-plane direction as evident from Figure 3d.
The appearance of a second resonance line in the single-layer
LSMO film has been observed earlier and originates from small
magnetic heterogeneity near the substrate due to substrate-
induced strain.””

FMR resonance field (H,,) of the measured signals was
extracted by fitting the data with the first derivative of the
Lorentzian equation. A superposition of two functions was
used when more than one FMR signal is observed. The
dependence of calculated H,. parameters for both of the
modes on @y for a nominal single-layer LSMO film and bilayer
sample is shown in Figure 4a,b. In bilayer samples, the first
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Figure 4. (a) Variation of H,,, in the LY3040 bilayer and (b) 30 nm
LSMO monolayer sample for the out-of-plane orientation of the
magnetic field. (c) Variation of H,, in the LY3040 bilayer and (d) 30
nm LSMO monolayer sample for the in-plane orientation of the
magnetic field.

mode shifts to higher Hy,, as the applied field changes from in-
plane to out-of-plane, whereas the second mode remains at an
almost similar position (shown in the inset of Figure 3b). On
the other hand, in the case of the single-layer LSMO sample, a
second mode only appears when 8y > 10°, closely follows the
behavior of the primary signal, and overlaps on it when 8y >
30°. Generally, Kittel formulas with appropriate demagnetizing
field (M,) and magnetoelastic coupling field are used to
describe the resonance condition in FM films

2
(ﬂ) = [H, — 4aM, + 2B,(e, — ¢,)/M,]
Y

X [H — 4M, + 2B(e, — ¢,)/M,] (1)

2
(%) = [H, — +2B,(e, — ¢,) / M,]

X [Hy+ 4M, — 2B,(e, + ¢,) / M] )

where H) and H,, represent the H for the applied field
perpendicular and parallel to the film plane, respectively, 47M,
is the demagnetizing field, B, is the longitudinal magnetoelastic
coupling constant, and ¢;s are the components along x, y, and z
directions. For a strain-relaxed FM film, where B, is very small,
egs 1 and 2 can be simplified as

w/y = [H — 47M,] (3)

[w/y]* = Hy[H, + 47M,] 4)

The demagnetization field and g value of the samples were
calculated by solving the above two equations for correspond-
ing values of H) and H,,. In the single-layer LSMO films, the
calculated g value is 1.97 for all samples. The demagnetization
field is 3507 Oe. for 10 nm LSMO film and monotonically
increases to 3770 Oe in the case of 40 nm LSMO film. For the
bilayer system, a clear distinction can be observed between the
primary and the secondary signal. The primary signal has a
high value of demagnetization field (3413 Oe. for LY2040) and
increases to 3623 Oe. in the LY4040 sample, with the increase
in LSMO thickness. But the 47zM is only 49 Oe. in LY2040 for
the second signal and remains almost independent of the
LSMO layer thickness. Since the small 47M, parameter implies
a drastic decrease in magnetization, this result indicates the
suppression of magnetization, evident from the magnetization
measurement transpired from the weakly magnetic interfacial
layer. The g value of the primary signal is close to 2 as expected
for a metallic LSMO film, but for the second signal, it is higher
than 2.5. The high g value possibly originates from the
localized electrons at the interfacial disordered sites.

Figure 4c,d shows the variation of H, for different in-plane
orientations (¢by) of the magnetic field measured in bilayer and
monolayer samples, respectively. The overlap of two ESR
signals is observed for all values of ¢y in bilayer samples.
However, only one FMR signal is present in the case of single-
layer LSMO films, indicating in-plane magnetic homogeneity.
The extracted value of H, plotted in Figure 4d shows a strong
fourfold anisotropy with the easy axis along the (001) direction
in the case of the primary signal in both the bilayer and in the
single-layer LSMO sample, reflecting the epitaxial growth.””
The secondary signal in the bilayer samples exhibits two-fold-
like symmetry, indicating a weakly magnetic heterogeneous
layer formed at the interface, responsible for the suppression of
superconductivity and hybrid pinning mechanism in the bilayer
samples.

B CONCLUSIONS

In conclusion, we have investigated the effect of LSMO
thickness on the magnetic flux pinning properties of YBCO/
LSMO bilayer systems. Our study of static magnetization
indicates that the suppression of magnetic and superconduct-
ing properties in the bilayer samples might be related to the
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presence of a weak magnetic layer at the interface between
LSMO and YBCO. Analysis of the critical current in the bilayer
samples indicates the presence of an additional pinning
mechanism besides the normal magnetic pinning by the
LSMO Ilayer.

To further probe the magnetic dynamics of these bilayer
systems, radiofrequency magnetic resonance spectra were
studied. Multiple FMR signals were observed in the bilayer
LSMO/YBCO samples. Compared with the epitaxial single-
layer LSMO, the second magnetic FMR line in bilayer samples
is identified to be emerging from the interfacial magnetic
heterogeneity. This investigation prevails a flux pinning
mechanism from the interface in addition to magnetic pinning
from bulk LSMO, which may create a way for the future
applications of ferromagnetic/superconducting hybrid struc-
ture.
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