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Possible spin-triplet superconducting phase in the La,;Sr,;MnO3/ YBa,Cu3;0,/Lag;Sr,3MnO;

trilayer
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We report on results of conductance spectroscopy measurements in the current-in-plane (CIP) and current-
perpendicular-to-plane (CPP) geometries ([001] and [100] directions respectively) of Lag;Sry3;MnOs/
YBa,Cu;05/Laj 7Sty sMnO5; (LSMO/YBCO/LSMO) nonsymmetric trilayer structures in order to search for
signature of the formation of spin-triplet phase. This trilayer shows an enhancement of the superconducting
transition temperature in magnetic field parallel to the plane. We argue that this enhancement is a result of the
formation of spin-triplet phase. The differential conductance (dI/dV) spectra show fully developed zero-bias
conductance peaks (ZBCP). The ZBCP measured in CIP geometry demonstrates a sharp shape. This could be
attributed to a spin-triplet state arising from the proximity effect at the interface of the half-metal with the
d-wave superconductor, similar as was predicted theoretically for the p-wave superconductor and observed
experimentally in p-wave Sr,RuO, superconductor. The measurements of the d//dV in CPP geometry reveal a
V shape similar as was experimentally observed in YBCO superconductor and predicted theoretically for

superconductor with a d,2_,> pairing symmetry of the order parameter.
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I. INTRODUCTION

The competition between antagonistic magnetic and su-
perconducting order parameters in superconducting/
ferromagnetic (S/F) systems is responsible for many interest-
ing physical effects. These effects are related with the
induced superconducting correlations in the ferromagnet due
to the proximity effect, and, contrary, the magnetic moment
opposite to that of the F layer, in the diffusive limit, may be
induced in the superconducting layer, following the theoret-
ical models of Refs 1 and 2. These features may be revealed
through the investigation of the transport and magnetic prop-
erties of the S/F interface.

In normal-metal/superconductor (N/S) contacts, the trans-
port properties are governed by local Andreev reflection. In
N/high-T, superconductor contacts, an important role is
played by the Andreev bound states (midgap states),® which
lead to the formation of the zero-bias conductance peak
(ZBCP). Theoretical models predict that the response of zero
energy states to the proximity of a highly spin polarized sys-
tem and applied magnetic fields may be a sensitive probe of
boundary states at an S/F contact.* Systematic studies of
d-wave superconductor with high spin polarization are par-
ticularly interesting as they hold the potential for probing
unconventional superconductivity at the S/F interface.
Among the theoretical possibilities is that of an induced su-
perconducting condensate in the ferromagnet, which would
have an s-wave triplet component.> For the case where the
magnetization of the F region is homogeneous, only the trip-
let component with projection S,=0 of the total Cooper pair
spins is predicted. This is a short-range proximity effect, as,
in the diffusive case, the single component penetrates_into
the F region over a short distance of the order & =\D/h,
where D is the diffusion constant and 4 the exchange field.
On the other hand, for a nonhomogeneous magnetization re-
lated to the presence of domain walls, a long-range triplet
component with S,= = 1 may be induced. Then, the authors®
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consider the influence of the relative alignment of the in-
plane magnetic moments of the F layers in the F/S/F struc-
ture. The authors also found that the condensation energy is
lowest when magnetic moments in F layers are antiparallel.

A long-range proximity effect has been demonstrated ex-
perimentally in a NbTiN/CrO,/NbTiN trilayer structure.’”
These results were explained assuming a conversion from
spin singlet- to spin-triplet pairs at the NbTiN/CrO, inter-
face. Theoretical predictions® indeed suggest the possibility
of a long-range proximity effect based on the mechanism of
quasiparticle spin rotation in the superconductor during re-
flection events at the half-metal interface. A long-ranged trip-
let component of the order parameter can be created when
spin-flip centers are present in the interface region. It is these
spin-triplet pair correlations created within the supercon-
ductor that then penetrate the ferromagnet.

Recent results’ of neutron reflectometry measurements on
YPrBaCuO/La,;Caj sMnO5; multilayers suggest a possibility
of inducing a spin-triplet superconducting phase in mangan-
ite layers, which could be the source of long-range proximity
effect observed in Laj;Ca,;MnOsz/YBa,Cu;0,; (LCMO/
YBCO) multilayers.'” The aim of this paper is to search for
signatures of unconventional superconductivity at the half-
metal-singlet d-wave superconductor interface in LSMO/
YBCO/LSMO trilayer structures and the study of the inter-
face properties. For this, we have investigated subgap
transport using conductance spectroscopy and low-field dc
magnetoresistance measurements. In order to the study of the
subgap transport the key factor are the physical properties of
the interface. We have therefore also performed dc magneti-
zation, ferromagnetic resonance (FMR), and nuclear mag-
netic resonance (NMR) measurements.

II. EXPERIMENTAL

LSMO/YBCO/LSMO trilayer structures were grown by
high-pressure sputtering!! from stoichiometric targets at an

©2009 The American Physical Society
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FIG. 1. (Color online) Resistance vs temperature measured in
the CIP and quasi-CPP geometry. Inset shows the trilayer geometry
used in the experiment.

oxygen pressure of 3 mbar and a substrate temperature of
770 °C. High quality epitaxial structure were deposited on
[100] oriented [(LaAlOj3)y5(Sr,TaAlOg)g7] (LSAT) sub-
strates. LSAT has a cubic structure with a lattice constant a
=0.3866 nm. Bulk Lay-SrysMnO; (LSMO) is also cubic,
with a lattice constant a=0.387 nm. There is therefore a
good lattice matching between the LSMO and LSAT.!? After
the deposition of the first LSMO layer, the sputtering system
was opened and one third of the layer was covered with
another substrate. Before the deposition of the consecutive
YBCO and LSMO layers, the sample was annealed at depo-
sition temperature in oxygen atmosphere for 30 min. This
procedure ensures good surface reconstruction.

The substrate dimensions were 5X 10 mm. Transport
measurements were performed using the four-point tech-
nique in the cryostat equipped with in sifu rotation gear
mechanism. Electrical contacts were deposited on the struc-
tures in the form of silver dots, as shown in the inset of Fig.
1. Such a configuration allows measurements in the current-
in-plane (CIP, using the four top contacts), as well as the
”quasi-current-perpendicular-to-plane” (CPP, with two bot-
tom and two top contacts) geometry.

The dynamical conductance was measured by a standard
low-frequency lock-in technique with dc bias or equivalently,
by the Delta mode of the Keithley 6221 programmable cur-
rent source.'> The resistance and magnetoresistance were
measured with a current in the range of 1-10 wA, unless
otherwise stated. The dc magnetization was measured in su-
perconducting quantum interference device in the tempera-
ture range of 5-200 K, and magnetic fields of up to 1 kOe.
Magnetic properties of the trilayer were also determined us-
ing a FMR spectrometer. The FMR measurements were per-
formed in a 5-300 K temperature range using a Bruker EMX
X-band (9.25 GHz) electron-spin-resonance spectrometer
with a rectangular microwave cavity and a standard phase-
sensitive detection technique. The trilayer or single LSMO
layer were mounted on a quartz holder, and an external go-
niometer was used to measure the resonance field as a func-
tion of the out-of-plane (6y) angle of the external magnetic
field (H,,,).

3Mn spin-echo NMR experiments were performed at
4.2 K, in zero external magnetic field, and at several values

PHYSICAL REVIEW B 80, 144504 (2009)

63.5 — : : : :
O
| /ﬁ O—_
63.0 /Q C
O 6251 ju 1
2 O
= 62.0F / 1
' Od
O
61.5 -Eﬁl 1
61.0 1 1 1 1 1
0 200 400 600 800 1000

H (Oe¢)

FIG. 2. T,, vs external magnetic field measured in the CIP
geometry.

of the rf field excitation in order to optimize the signal in-
tensity at each frequency. NMR spectra were obtained in the
frequency range of 250-450 MHz by plotting the optimum
spin-echo signal intensity, corrected for the intrinsic en-
hancement factor and the frequency dependent sensitivity
factor,'*!> at every 1 MHz.

III. RESULTS
A. Conductance spectroscopy and magnetotransport

In Fig. 1 we present the resistance versus temperature
[R(T)] curves obtained for the LSMO(16nm)/YBCO(21nm)/
LSMO(22nm) nonsymmetric trilayer structure in both the
CIP and the CPP geometry. The onset of the superconducting
transition is at 7, ,,,,~70 K. In the CIP geometry, T, de-
fined as the temperature at which the resistance has dropped
three orders of magnitude with respect to its normal-state
value (R/R,=1073), is about 61 K. The R(T) curve measured
in the quasi-CPP geometry shows some residual resistance
even at T~50 K. This is due to the fact that in this geom-
etry, apart from the resistance of the YBCO layer in the
c-axis direction, one measures the additional resistance of the
bottom LSMO layer (see Fig. 1).

In the next step, we have measured the resistive transition
in a magnetic field oriented parallel to the sample,'® see Fig.
2. It is seen that lowest superconducting transition tempera-
ture T, is obtained for a field of about 65 Oe, which corre-
sponds to the coercivity field of the LSMO. A further in-
crease of the magnetic field induces an increase of 7., of
about 1.6 K as compared to the demagnetized state (H=0).
The maximum enhancement is obtained in a magnetic field
of about 500 Oe. Above this field we observe a monotonic
decrease of T,,.

The anomalous behavior of the 7., vs magnetic field
curve is attributable to the influence of several mechanisms
including the stray field of magnetic domain walls, the spin
polarization of the current, or the formation of a spin-triplet
superconducting state.'® Magnetotransport measurements on
LCMO/YBCO/LCMO trilayers'” suggest that the enhance-
ment of the superconducting state is governed by the inverse
superconducting spin switch effect. This mechanism has that
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FIG. 3. (Color online) Dynamical conductance, dI/dV, vs V and
magnetic field measured at 7=64.4 K in CPP geometry. Inset:
maximum dI/dV vs H.

for parallel alignment of the magnetic moments of the
LCMO layers, the electrons transmitted from one electrode
can enter the other LCMO electrode, while for an antiparallel
alignment the electrons will be reflected from the second
LCMO electrode. In this way, the superconducting transition
temperature of the trilayer structure is reduced.

Tunneling spectroscopy provides important information
on the superconducting pairing symmetry of the order pa-
rameter and the spin-dependent subgap transport in the
LSMO/YBCO/LSMO trilayers. We have measured the dy-
namical conductance, dI/dV vs V, in both the CIP and CPP
geometries ([100] and [001] directions). The spectra show
well-developed ZBCP structures, such as commonly ob-
served in YBa,Cu;0;, where they were explained as arising
from low energy Andreev bound states due to the predomi-
nantly d-wave symmetry of the superconducting order pa-
rameter. In the present LSMO/YBCO/LSMO trilayers, we
observe a broad “V” shape of the ZBCP peak in the CPP
geometry (as shown in Fig. 3) and a sharp peak in the CIP
geometry (see Fig. 4).

Two features of the ZBCP are intriguing. First, the spec-
tral evolution of the ZBCP versus magnetic field shows a
non—monotonic behavior of the maximum of the dynamical
conductivity dI/dV, which has a peak at a magnetic field of
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FIG. 4. (Color online) Dynamical conductance, dI/dV, vs V and
magnetic field measured at 7=64.4 K in the CIP geometry. Inset:
maximum dI/dV vs H.
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FIG. 5. (Color online) Dynamical conductance vs bias voltage V
measured at zero magnetic field in the CIP and CPP geometries, for
the LSMO(22 nm)/YBCO(21 nm)/LSMO(16 nm) trilayer.

about 500 Oe for both the CIP and CPP geometries. A theo-
retical model for a d-wave superconductor /multidomain fer-
romagnet bilayer, predicts an enhancement of the proximity
effect.!® However, the presence of domain walls generates an
odd-frequency triplet s-wave component of the supercon-
ducting condensate. Second, the ZBCP structures do not
demonstrate any form of splitting in a magnetic field. A very
strong enhancement of dI/dV vs H is observed for the CIP
geometry, the maximum conductivity in magnetic field is
growing with a factor of up to 4 when compared to the mea-
surement in zero magnetic field. Much lower enhancement
(factor 1.04) of the dynamical conductance was observed in
CPP geometry (inset in Fig. 3). The dI/dV peak disappears
above T. ,,s; for CIP and CPP geometries.

According to experimental®!'%?? and theoretical®® results
on dirty unconventional contacts, a “V”’-shaped ZBCP would
correspond to a d-wave symmetry of the order parameter,
whereas a sharp ZBCP corresponds to a superconducting
state with p-wave symmetry of the order parameter. “V’-
shaped structures have been observed in several trilayer
structures in the CPP geometry (see Figs. 5 and 6. For in-
stance, the results presented in Fig. 6 were obtained for a
LSMO(10nm)/YBCO(21nm)/LSMO(22nm) trilayer with a
T, user Of approximately 72 K.?* In contrast, in CIP geom-
etry the dynamical conductivity always presents a sharp
structure. The different shape of the ZBCP in CPP and CIP
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FIG. 6. (Color online) Dynamical conductance vs bias voltage V
measured at zero magnetic field in the CIP and CPP geometries for
the LSMO(22 nm)/YBCO(21 nm)/LSMO(10 nm) trilayer.
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FIG. 7. (Color online) Dynamical conductance vs bias voltage V
measured at zero magnetic field in the CIP and CPP geometries
recorded at 7=86 K for the bilayer LSMO(50 nm)/YBCO(60 nm)
(T.=88 K).

geometry could be a consequence of the presence of different
superconducting states, i.e., a state with d-wave symmetry of
the order parameter in the bulk of the YBa,Cu;0, layer, and
an induced state with p-wave symmetry of the order param-
eter at the LSMO/YBCO interfaces. In the CIP geometry in
low fields, one probes a large area of nonuniform magneti-
zation because of the noncollinear alignment of the magnetic
moments in the LSMO layers and because of the presence of
domain walls. The presence of a nonuniform magnetization
leads to the presence of zero-bias states and possibly the
spin-triplet state.

The theoretical model? treating the contact between a
normal metal and a ferromagnetic superconductor predicts
the appearance of ZBCP in the tunnelling spectra for spin-
triplet equal pairing order parameter. Similar to our differen-
tial conductance results measured in CIP geometry, the tun-
nelling spectroscopy obtained on Sr,RuQ, system?® also
demonstrates the existence of sharp ZBCP structures. These
were interpreted as a signature of the p-wave symmetry of
the order parameter in that compound.

In Fig. 7 we present the dynamical conductance measure-
ments for the LSMO(50nm)/YBCO(60nm) bilayer. The bi-
layer structure was fabricated in similar way as the trilayer
structures. Those samples have steplike structure and were
made with the opening of the sputtering system after depo-
sition of the bottom layer. The results of dI/dV measure-
ments for both CIP and CPP geometries indicate a V-like
shape. It is significantly different than the results obtained for
the trilayer structures. This result implies that rather the non-
collinear alignment of magnetic moments in LSMO layers is
responsible for the occurrence of the sharp peak in CIP ge-
ometry of the trilayers. The magnetic inhomogeneity resulted
from the domain structure (domain walls) does not produce
the triplet phase for the bilayer structure. The fabrication
procedure of the step like structure does not have any influ-
ence on the experimental results. In Fig. 8 the dynamical
conductance measurements for the LSMO(8 nm)/YBCO(9.6
nm)/LSMO(8 nm) trilayer deposited in single process are
presented. It is seen that qualitatively the shape of the ZBCP
measured in CIP geometry does not depend on the fabrica-
tion process.
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FIG. 8. Dynamical conductance vs bias voltage V measured at
zero magnetic field in the reduced temperature t=7/7,=0.65 in the
CIP geometry for the LSMO(8 nm)/YBCO(9.6 nm)/LSMO(8 nm)
trilayer.

The magnetoresistance was measured as function of the
magnetic field strength by varying the in-plane magnetic
field in the range from —1.5 kOe to 1.5 kOe. During the
measurements, the temperature stabilization was controlled
with an accuracy better than 10 mK. Figure 9 shows repre-
sentative low-field magnetoresistance curves measured
above and below T, ;- Above T. ,,..» the magnetoresis-
tance was defined as MR=(R—-Ry_1000 0c)/ Rr=1000 0e- B€-
low T, ,,. the magnetoresistance was defined as MR= (R
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FIG. 9. (Color online) Resistance vs H measured in CIP (left
panel) and CPP(right panel) above and below superconducting tran-
sition T, ,,5e; I=10 pA,HII). For clarity, in panel (e) the M(H)
hysteresis loop is superimposed on R(H) curve.
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FIG. 10. (Color online) (a) MR vs H for different measurement
currents: 10, 100 uA, 1, and 10 mA; (b) the position of minimum
of the magnetoresistance and the background shape dependence on
applied current for /=10 uA and /=10 mA.

—Rin)/ Ryin- Figures 9(a) and 9(b) show that in CIP and CPP
geometries, MR(7=82 K) is 1.7% and 0.3%, respectively.
In contrast, below T.. . at T=67.8 K, MR in the CIP and
CPP geometries has a value 23% and 1.6% as shown in Figs.
9(c) and 9(d). Therefore, decreasing temperature below
T. ,.se: significantly enhances MR. A further decrease in the
temperature increases the value of MR even further:
MR(64.2 K)=440% in the CIP geometry, and 5% in the
CPP geometry.

Figure 9(e) also shows the hysteresis loop of the magne-
tization of the LSMO layers. The magnetoresistance clearly
exhibits two well-resolved peaks with a hysteretic character.
The maximum of the magnetoresistance occurs at the coer-
cive field H.. Such features were previously observed in
single LSMO layers, where their origin was attributed to
spin-dependent scattering at grain boundaries and/or mag-
netic domain walls.?” The minimum of MR in Fig. 9 occurs
for a magnetic field of approximately 500 Oe, i.e., lower than
the saturation field of the trilayer and even othan that of the
bottom LSMO layer. At higher fields the magnetoresistance
becomes positive. The shape of the magnetoresistance curves
measured in the CIP and CPP geometries at high fields are
similar, which indicates that at high fields, the mechanism
responsible for the ZBCP is similar in the two cases.

Given the peaked nature of the ZBCP, the magnetoresis-
tance also strongly depends on the value of the measuring
current [see Fig. 10(a)]. The position of the magnetoresis-
tance minimum also depends on the value of the measuring
current, as shown in Fig. 10(b). Up to a value I=100 uA,
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FIG. 11. (Color online) Comparison of MR in the CPP (a) and
CIP (b) configurations for H parallel and perpendicular to / mea-
sured at 7=65 K.

the position of the minimum does not change; a current of
10 mA shifts the minimum by about 120 Oe in comparison to
the minimum position for /<100 pA. At magnetic fields
higher than 500 Oe, a large measurement current also
changes the shape of the magnetoresistance background from
linear to parabolic. Similarly, the MR background change is
visible in Figs. 11(a) and 11(b) for both CPP and CIP geom-
etries, when rotating the sample from H|/ to H LI configu-
ration. A slight change of the MR peak size can also be
noticed, as opposed to analogous situation in LCMO/YBCO/
LCMO systems.”

In the LCMO/YBCO/LCMO trilayers of Ref. 28 and 29,
three mechanisms were proposed as being at the origin of the
magnetoresistive behavior. These are dissipation due to vor-
tex motion, the anisotropy of the magnetoresistance in man-
ganites, and spin-dependent transport. The authors conclude
that the most probable mechanism responsible for the mag-
netoresistance effect is spin-dependent transport. On the
other hand, the authors of Ref. 30 claim that in LSMO/
YBCO/LSMO trilayers, the resistance switching effect is
caused by magnetic stray—field from the ferromagnetic lay-
ers. The authors suggest also that the interface roughness
plays an important role in this effect.

B. Magnetic characterization

In order to understand the anomalous transport properties,
we have measured the magnetic properties of the trilayer
structure in the vicinity of the superconducting transition.
The M(H) curve (Fig. 12) shows that magnetic saturation of
the magnetic moment of the trilayer is reached at about 750
Oe. The coercive field of the trilayer is approximately 66 Oe.
The inset in Fig. 12 shows an enlargement of the M(H)
curve, demonstrating a clear plateau of M =0. In a next step,
we have measured the magnetic properties of the bottom
LSMO layer. It is seen that the magnetic moment saturates at
about 600 Oe and that the coercive field is approximately 49
Oe. The bottom LSMO layer is therefore magnetically softer
than the top LSMO layer. It is also seen that the magnetic
moment per unit volume of the bottom layer is larger than
the magnetic moment of the whole trilayer structure. Our
earlier experiment’! performed on LSMO/YBCO superlat-
tices showed that due to hole charge transfer from YBCO to
LSMO layers at least three unit cells of the LSMO layer
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FIG. 12. (Color online) Hysteresis loops M(H) of the trilayer
and the bottom LSMO layer, measured at 7=64 K (low-field re-
gion expanded).

show a zero net magnetic moment. The observation of the
induced unidirectional magnetic anisotropy (exchange bias)
indicated that this part of LSMO layer shows antiferromag-
netic (AF) order. This is due to the decrease in the ratio of
Mn*?/Mn** ions, although the nominal composition
La;,_,Sr,MnO; is at the doping level x=0.3. On the other
hand, the onset of the superconducting transition was ob-
served for LSMO/YBCO superlattices®’ with YBCO thick-
ness equal and larger than two c-axis unit cells. This obser-
vation indicates that at the interface between LSMO and
YBCO layers a single, YBCO layer of thickness equal to the
c-axis lattice parameter is nonsuperconducting. Later neutron
polarization studies®? have fully confirmed this finding. The
appearance of antiferromagnetic coupling in an LCMO layer
near to the LCMO/YBCO interface is also predicted
theoretically.>> On the other hand, x-ray circular dichroism
studies of LCMO/YBCO multilayers®* indicate the polariza-
tion of Cu ions close to the LCMO surface.

To gain information on the contribution to magnetic mo-
ment of each LSMO layer in the trilayer structure we have
performed FMR spectroscopy characterization of the trilayer
structure and single bottom LSMO layer. Figure 13 shows
the FMR spectra recorded for the trilayer and the single
LSMO layer in (a) perpendicular and (b) parallel orientation

0 ,a) @ M H.surface wr b) (1) Hl|surface
‘'c Ftrilayer 300K c [
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gl 1) (2 =
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FIG. 13. (Color online) The comparison of the FMR spectra of
the trilayer and single LSMO bottom layer, recorded with the ex-
ternal magnetic field oriented perpendicular (a) and parallel (b) to
the film plane, at 70 and 300 K; labels (1) and (2) denote two main
resonance lines in the trilayer—description in text.
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FIG. 14. The angular dependence of the resonance peaks posi-
tions of the trilayer and single LSMO layer at room temperature.

of external magnetic field. It is seen that the trilayer spectra
exhibit the two resonance lines. The spectrum measured in
perpendicular magnetic field of single LSMO layer shows
one FMR peak, whereas the spectrum recorded in magnetic
field parallel to the film surface [Fig. 13(b)] at T=70 K
shows two resonance peaks. The appearance of the second
resonance peak for single LSMO layer could result form the
phase separation observed for strained epitaxial films. Such
an effect was observed in LCMO thin films deposited on
SrTiO; substrates'> and in LSMO films.* This means that in
order to produce ferromagnetism in manganite layers their
thickness should be above certain critical thickness. The au-
thors suggest that close to the substrate three different phases
are formed such as nonferomagnetic insulating, ferromag-
netic insulating and ferromagnetic metallic. In our case the
appearance of the second peak for single layer could result
form ferromagnetic insulating phase. The spectrum recorded
for the trilayer for both orientations and for all measured
temperatures shows two resonance lines. As it is seen in Fig.
13 the position of more intensive resonance peak labeled as
(1) coincides with the position of the FMR peak of the single
LSMO film, moreover their angular variation at room tem-
perature is the same (Fig. 14). Therefore it is reasonably to
assume that peak (1) corresponds to the bottom LSMO layer
of the trilayer structure, and consequently, peak (2) as origi-
nated from the top LSMO layer.

The integrated intensity of the resonance lines is propor-
tional to the number of magnetic ions in each LSMO layer,
this enables the additional identification each LSMO layer in
the trilayer structure. The calculated ratio of the integrated
intensity of lines (1) and (2) I,/1, varies between 1.3 and 1.6
for different orientations. This ratio is close to the expected
value 22(nm)/16(nm)=1.375, which again confirms that the
line (1) corresponds to the bottom LSMO layer, whereas the
line (2) corresponds the top LSMO layer.

Figures 15(a) and 15(b) show the FMR spectra recorded
in the temperature range of 300-50 K for perpendicular and
parallel external magnetic field. It is seen that as the tempera-
ture decreases, the position of line (2) shifts stronger than the
line (1), which indicates that the magnetic moment or the
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FIG. 15. The FMR spectra of the trilayer recorded for (a) per-
pendicular and (b) parallel orientations of the external magnetic
field in temperature range of 50K-300K.

anisotropy of the upper LSMO layer changes strongly than
the anisotropy of the bottom LSMO layer. It is also seen that
at room temperature, both LSMO layers are ferromagneti-
cally ordered with a spontaneous in-plane magnetic moment.
The resonance lines have different positions due to the dif-
ference of the spontaneous magnetization and the magnetic
anisotropy of the bottom and top LSMO layers. Both lines
[especially line (1)] are asymmetrical, with a nonregular
shape, indicating that the magnetic moments are distributed
nonuniformly along the normal to the trilayer surface.

In the temperature range of 50-70 K the resonance lines
do not change their position [Figs. 15(a) and 15(b)]. In this
temperature range the intensity of line (1) decreases in con-
trary to the increase of the intensity of the line (2). From the
fact that the lines do not change their position, it is reason-
able to assume that the spontaneous magnetization and an-
isotropy remain constant. Therefore, the changes of the lines’
intensities could result from the change of the number and
the shape of the domain-wall configuration. Below 60 K,
strong nonresonant absorption of the microwaves at zero
magnetic field appears due to the superconductivity of the
YBCO layer.

In order to get information about the origin of the changes
of the magnetic properties of the LSMO thin films in the
vicinity of the LSMO/YBCO interface in the LSMO/YBCO/
LSMO trilayer structure, a “>Mn NMR experiment has been
carried out on the LSMO/YBCO/LSMO trilayer as well as
on the bottom single LSMO layer. NMR applied to the study
of mixed-valence manganese perovskites can help to dis-
criminate between different valence states of the Mn ions,
and can also distinguish between a possible localized versus
a delocalized nature of the charge carriers in the LSMO sys-
tem.

Such information is obtained from the frequency f,,, of
the *Mn resonance line, which is in turn determined by the
corresponding value of the local field By, experienced by the
SMn nuclei: f,,=yBy,, Where 7y/27w=10.553 MHz T~'.
By, arises mainly from the hyperfine interaction, which
depends on the local Mn moment S. It is well documented in
literature that in bulk samples of LSMO perovskites, local-
ized Mn* moments with spin $=3/2 (due to 3y, core
electrons) have a resonance frequency in the range of
310-330 MHz.*® The electrons localized in 3e, states with
§=2 shift the NMR frequency of localized Mn>* ions to the
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FIG. 16. (Color online) Mn NMR spectra recorded for
LSMO(22 nm)/YBCO(21 nm)/LSMO(16 nm) trilayer (full squares)
and single LSMO(22 nm) film (empty circles). Inset: the same spec-
tra showing the details of NMR intensity at about 320 MHz.

400-430 MHz range. The signal corresponding to the double
exchange state of the Mn ions in the ferromagnetic metallic
phase of the manganite with fast hopping of electrons be-
tween the Mn®* and Mn** sites is characterized by a single
line centered at an intermediate frequency, which is deter-
mined by the exact Mn**/Mn** ratio. In the case of opti-
mally doped La ;SrysMnO, compound this frequency is ap-
proximately 380 MHz.3°

Figure 16 shows the *Mn NMR spectra of the LSMO/
YBCO/LSMO trilayer and of the LSMO single layer. The
NMR intensity has been normalized to the film surface, so
that the intensity of the spectra corresponds to the effective
LSMO layer thickness of each layer. The dominating line in
both spectra corresponds to the mixed-valence Mn*3/Mn**
state with f,,,yX380 MHz (Ref. 36) as expected for the
double exchange—mediated metallic state. Inspection of the
spectrum recorded for the trilayer reveals that, in addition to
this peak, there is another broad peak at a lower frequency
(315 MHz), with lower intensity. This secondary peak is at-
tributed to the existence of localized ferromagnetic Mn**
states. The absence of the second peak in the spectrum of
single LSMO layer indicates that there are no localized states
of Mn ions.

IV. DISCUSSION

The physics of subgap transport due to a quasiparticle
current from the ferromagnet through a superconductor in a
F/S/F structure is a complex problem. In LSMO/YBCO/
LSMO trilayer, we have observed an enhancement of the
critical temperature 7, in parallel magnetic field at about
500 Oe. The maximum of the enhancement occurs at a mag-
netic field that is lower than the saturation field of the trilayer
or the saturation field of the bottom LSMO layer. As men-
tioned above, several mechanisms could be responsible for
such behavior. These are the stray fields from the magnetic
domain walls, the spin polarization of the current, or the
formation of an odd triplet superconducting state at the in-
terface between the LSMO and the YBCO.
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An odd-parity, triplet superconducting state could result
from a nonhomogeneous magnetization or from a non—
collinear alignment of the magnetic moments in the LSMO
layers at the optimal magnetic field, or from stray fields of
the domain walls. Our conductance spectroscopy measure-
ments reveal the existence of a ZBCP resulting from Andreev
bound states at the YBCO/LSMO interface. The existence of
the midgap states in F/S structures was also observed in sev-
eral other experiments3’° In our experiment, the shape of
the ZBCP in the CIP geometry was sharp, similar to ob-
served in the Sr,RuO, compound®® with spin-triplet p-wave
symmetry and predicted theoretically for the superconductor
with p-wave symmetry.

Recent results” of neutron reflectometry measurements on
a YPrBaCuO/LCMO multilayers indicate a giant supercon-
ductivity modulation of the ferromagnetic magnetization.
Based on the experimental results the authors suggest a pos-
sibility of inducing a spin-triplet superconducting phase in
manganite layers.

In the CPP geometry a “V”-shaped ZBCP-like structure
was recorded which is similar to that observed for YBCO
system  with d-wave symmetry®® and predicted
theoretically.*!#> The theoretical model of F/d-wave
superconductor/F structures developed in Ref. 43 predicts
the appearance of a spin-triplet states in such systems. Ac-
cording to the model, a nonlocal Andreev reflection can be
induced due to a noncollinear magnetization. Then, the inci-
dent electron and the Andreev reflected hole come from the
same spin subband, forming a triplet pair with parallel spins,
while in the usual Andreev process they come from different
subbands leading to spin singlet pairing with opposite spins.
The model predicts that for highly polarized F layers the
ZBCP splits, and is transformed into a zero-bias conductance
dip (ZBCD). The ZBCP splitting is attributed to broken time-
reversal symmetry states. The authors suggest that the con-
ductance within the d-wave gap along the 110 direction ex-
hibits ZBCD in the parallel alignment (@¢=0) of the magnetic
moments due to the absence of usual Andreev reflection. The
change from a=0 to a=m/2 should convert the ZBCD to
ZBCP.

In the case of LSMO/YBCO/LSMO no splitting of the
ZBCP was observed. However, as was presented above
through FMR and NMR spectroscopy, the interface between
the LSMO and YBCO layer is very complex. Due to the hole
transfer from YBCO, part (three unit cells) of the LSMO
layer is converted into an AF state. Therefore, instead of a
nominal F/S interface we have an effective F/AF/I/S inter-
face since a YBCO layer of thickness of at least one unit cell
is not superconducting but insulating. We cannot exclude the
phase separation in the top LSMO layer. In
[LSMO(8 u.c.)/YBCO(1 u.c.)] X 16 superlattice** we have
observed semiconducting like behavior of resistance as a
function temperature. Such behavior indicates that at latest
one-unit-cell-thick YBCO layer in heterostrcture is insulat-
ing. The existence of the insulating native barrier®> at the
LSMO/YBCO interface was also suggested in LSMO/YBCO
junction. Therefore, this could be the reason that we do not
observe the splitting of the ZBCP, in contrary to the obser-
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vation reported on SrRuO;/YBCO bilayer.?® On the other
hand, we observe a nonmonotonic dependence of the ZBCP
vs external magnetic field.

The observation of the occurrence of the maximum 7 at
about 500 Oe could result from optimal domain configura-
tion (noncollinearity) for the formation of the spin-triplet
phase. If the spin-triplet state is formed, than it has the maxi-
mum of the free energy at this field. This observation could
alternatively result from an optimal configuration of the do-
main walls in LSMO layers, which partially lifts the ex-
change field of the LSMO ferromagnet and in consequence
induce the increase of the T,,. The appearance of the triplet
phase penetrating the LSMO can enhance the conductivity.

V. CONCLUSIONS

In conclusion, we find that an enhancement of 7., in
LSMO/YBCO/LSMO occurs in parallel magnetic field of
about 500 Oe i.e., below the saturation of the magnetization
of the trilayer and the bottom LSMO layer. We have argued
that the formation of the spin-triplet superconducting phase
is responsible for this enhancement. In the trilayer this mag-
netic field can produce the optimal magnetic inhomogeneity,
which leads to the formation of spin-triplet superconducting
phase. The measurements in CIP geometry of differential
conductivity demonstrate a sharp ZBCP in qualitative agree-
ment with the theoretical model. Such feature was observed
experimentally in Sr,RuO, p-wave superconductor. The
measurements of differential conductivity in CPP geometry
demonstrate V> shape peak similar as was observed for the
YBCO d-wave superconductor. This is due to the fact that
much smaller area of the trilayer is probed, therefore the
magnetization inhomogeneity has smaller influence on the
differential conductivity. Both ZBCP anomalies show non-
monotonic dependence of dI/dV vs the magnetic field.

A significant increase of differential conductivity is ob-
served for the same value of magnetic field at which the T,
enhancement is observed. The weak dependence of dI/dV vs
H above the maximum dI/dV vs H shows a robust behavior,
which could be a result of the formation of spin-triplet phase.
Magnetoresistance measurements demonstrate also the oc-
currence of the minimum at the same magnetic field where
the dI/dV reaches the maximum. Such feature could be the
result of the maximum of the free condensation energy of the
spin-triplet superconducting phase. However, no splitting of
ZBCP was observed in magnetic field. It is attributed to the
complex interface region, namely F/AF/I/S, which is due to
hole charge transfer from YBCO to LSMO layers.

Note added in proof. Recently, we became aware of the
article by Hu et al.*® which confirms our finding about the
occurrence of the spin-triplet superconducting phase in
manganite/cuprate heterostructures by the use of the angular
magnetoresistance measurements.
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