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Abstract — We studied how an additional layer of the high Tc superconductor YBCO affects the
magneto-transport across a LSMO/Alqs/Co spin-valve structure. We found that up to a thickness
of at least 10 nm the YBCO layer on top of LSMO hardly changes the spin-valve effect, since the
device resistance still depends on the relative orientation of the LSMO and Co magnetization. The
spin-valve effect persists even when the superconducting YBCO layer acts as bottom electrode,
with no spin-polarized current injected from LSMO into YBCO. This highlights that the charge
carriers of a thin YBCO layer on top of LSMO are strongly spin-polarized, most likely due to a
magnetic proximity effect involving a transfer of spin-polarized electrons from LSMO to YBCO.
Evidence for a strongly underdoped state of the YBCO layers close to the interface with LSMO is
indeed obtained from the d7/dV curves in zero magnetic field which reveal a pseudogap persisting

well above Tc.

Copyright © EPLA, 2020

Introduction. — Spin-based electronics (“spintron-
ics”) utilizes the spin of the electrons in addition to
their charge [1]. The most basic device is a so-called
“spin-valve” that consists of two ferromagnetic electrodes
with different coercive fields that are separated by a non-
magnetic barrier. Its functionality relies on the transfer
of spin-polarized charge carriers across the non-magnetic
layer, such that the resistance depends on the relative ori-
entation of the magnetisation of the ferromagnetic layers.

Most non-magnetic metals or semiconductors have a
very short spin diffusion length that demands a very thin
barrier of only few nanometers. So-called pinholes in the
barrier due to the roughness of the layers are thus diffi-
cult to avoid unless sophisticated nano-fabrication tools
are used to obtain a very small active area. Organic
semiconductors provide much larger spin diffusion lengths
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and thus enable much thicker barrier layers (on the or-
der of 100nm). Functional devices with millimetre size
active areas thus can be grown with simple shadow mask
techniques [2].

The functionality of metal/organic spin-valves made
from elemental ferromagnets, like Fe, Ni or Co (or permal-
loy) and thick (d > 100nm) organic barriers from
Alqs, pentacene or rubrene has already been demon-
strated [2]. Likewise, such spin-valves have been made us-
ing half-metallic perovskite Lay/35r;,3MnO3 (LSMO) as
the ferromagnetic bottom electrode [2]. This raises expec-
tations that one can incorporate other perovskite oxides or
related layered materials, like cuprate high-T supercon-
ductors, whose exceptional electronic and magnetic prop-
erties may enable devices with strongly improved or new
functionalities.

Superconductors are of particular interest due to their
macroscopic quantum coherence and their loss-free and
ultrafast response. For heterostructures from conventional
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superconductors, like Nb, Pb or Al, and elemental
ferromagnets, it has already been demonstrated that
a spin-polarized superconducting state with spin-triplet
Cooper-pairs can be achieved and utilized as source of
spin-polarized supercurrents [3-7].

The research on corresponding heterostructures from
oxide-based ferromagnets and cuprate high-T¢ supercon-
ductors is comparably less advanced and conclusive, es-
pecially with respect to the superconducting spin-triplet
state [8-12]. Nevertheless, it is meanwhile well established
that an interesting magnetic proximity effect occurs in
multilayers from YBasCu3O7 (YBCO) and ferromagnetic
manganites which gives rise to a ferromagnetic Cu moment
on the YBCO side of the interface [13-16]. The mechanism
underlying this proximity effect and the nature of the fer-
romagnetic Cu moments in YBCO, e.g., whether they are
localized or (at least partially) itinerant, remain to be de-
termined. In terms of an itinerant picture, this proximity
effect has been explained by a transfer of spin-polarized
electrons from LSMO to YBCO that is driven by the
work function difference [17-19]. Experimental evidence
for such a transfer of electrons from the manganite to
YBCO has been reported in refs. [20-23]. Moreover, there
is evidence for a strong hybridisation of the interfacial Cu
and Mn ions (along the interfacial Cu-Ogapica-Mn bonds)
which gives rise to an orbital reconstruction of the interfa-
cial Cu ions and an antiferromagnetic exchange interaction
that can also induce Cu moments [22-24] that are, how-
ever, likely bound to the interface. To our best knowledge
there exists no direct measurement of the spin-polarization
of the charge carriers at the cuprate/manganite interface
and the length scale over which it persists away from the
interface.

Here we provide this kind of information by
studying the magneto-transport of spin-valve struc-
tures with a ferromagnetic bottom electrode from
Lag/3Sr;3MnO3 (LSMO), a layer of nominally optimally
doped YBayCuszO7 (YBCO), a non-magnetic layer from
Algs and a ferromagnetic Co top electrode. Our study
provides evidence that the charge carriers in a YBCO layer
on top of a ferromagnetic LSMO layer are spin-polarized
over a length scale of at least 10 nm.

Materials and methods. — The devices were grown
on insulating 10 x 10 x 0.5mm?® LSAT(001) crystal sub-
strates. The multilayer structure (along the growth direc-
tion) consists of 60 nm of LSMO, 0 to 50nm of YBCO,
140nm Algs and 10nm Co. The cuprate and mangan-
ite layers were deposited with Pulsed Laser Deposition
(PLD), while the Algs and Co layers were grown with
thermal evaporation. Shadow masks were used to de-
fine the typical geometry of these spin-valves as shown
in fig. 1(a). The typical size of the active area for
the perpendicular charge transport across the Alqs layer
has the same lateral dimensions as the 4 mm diameter,
circular Co layer, and therefore about 12.6 mm?2. The
magneto-transport was measured in a Physical Property

Measurement System (PPMS®), Quantum Design, Inc.)
with the four-probe method. A remotely controlled
Keithley 2602 System SourceMeter® was used to apply
electrical signals (DC constant current or voltage) and
collect data. As electrical contacts we glued thin copper
wires with silver paste on the top of the LSMO, YBCO and
Co layers. The different configurations for the transport
measurement between the LSMO and Co (LSMO_Co),
YBCO and Co (YBCO_Co), and the LSMO and YBCO
(LSMO_YBCO) layers are detailed in fig. 1(b). For the
magneto-resistance (MR) measurements the samples were
zero-field—cooled and the magnetic field, H.,:, was parallel
to the layers. More details about the sample preparation
and techniques are given in the Supplementary Material
Supplementarymaterial.pdf (SM).

Results. — Figure 1(c) displays a representative MR
curve of a plain LSMO/Alqs/Co spin-valve structure (SV)
without any YBCO layer for the LSMO-Co configuration
at 10mV and T = 10K. It reveals a typical spin-valve
effect with a reduction (increase) of the resistance for an
antiparallel (parallel) orientation of the magnetization of
the LSMO and Co layers.

Figures 1(d) and (e) show the corresponding MR curves
of the LSMO/YBCO/Alqs/Co structures SV+Y_5 and
SV+Y_10 with additional YBCO layers that are 5 and
10nm thick, respectively. The superconducting transi-
tion of these YBCO layers is evident from a sudden drop
in the R-T curves taken in LSMO-YBCO configuration,
as shown in fig. 1(g) for the SV+Y_10 structure with
Tc ~ 65K (red line). The MR curves in figs. 1(d) and (e)
were obtained in the LSMO-Co configuration at T'= 10K
and applying 5mV and 20 mV, respectively, and show for
both structures clear spin-valve effects similar to the one
of the plain SV structure in fig. 1(c). The spin-valve ef-
fect is even somewhat larger for the SV+Y_10 structure
in fig. 1(e) than for SV+Y_5 in fig. 1(d). The more grad-
ual and irreversible changes of the MR curve of SV+Y_10
seem to be caused by pinned vortices that arise from a
small out-of-plane component of the magnetic field (due
to an imperfect sample alignment).

The persistence of the spin-valve effect in these SV+Y_5
and SV+4Y_10 structures suggests that the charge carriers
of the thin YBCO layer on top of the ferromagnetic LSMO
are spin-polarized. Furthermore, as shown in fig. 1(f), the
MR curves of the SV+Y_10 structure exhibit a clear spin-
valve effect even when they are taken with the YBCO-Co
configuration at 10K <« T¢ =~ 65K. Notably, in this
configuration the LSMO layer is shorted by the supercon-
ducting YBCO layer, i.e., there is no current flow through
the LSMO layer and thus no injection of spin-polarized
charge carriers from LSMO into YBCO is expected to
take place. This highlights that the spin-polarization of
the charge carriers of the YBCO layer occurs indepen-
dently of the current-induced spin-injection from LSMO
into YBCO. The spin-polarized charge carriers in YBCO
thus seem to be induced by a permanent proximity effect
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Fig. 1: (a) Typical geometry of the spin-valve devices. (b) Schemes of the different transport measurement configurations;
contacts named I+ (“current in”), I— (“current out”), V+ (“high voltage”) and V — (“low voltage”) denote where voltage and
current are applied or measured. In the LSMO-Co configuration (top image), the entire device is probed; in the YBCO-Co
configuration (bottom left), the carriers are injected directly into YBCO bypassing LSMO, especially below T¢; in the LSMO-
YBCO configuration (bottom right), only the two bottom layers are probed. (c) Normalized resistance vs. external magnetic
field loop for a spin-valve (SV) without YBCO measured at 10 K with an applied voltage of V0 = 10mV in the LSMO-Co
configuration. The change of the relative orientation of the magnetic polarization of the Co and LSMO layers is sketched.
(d) Normalized field loop of SV + 5nm YBCO (T = 10K, V0 = 5mV, LSMO-Co configuration). (e) Normalized field loop of
SV+10nm YBCO (T = 10K, V0 = 20mV, LSMO-Co configuration). (f) Same SV and conditions as in (e), but for the YBCO-
Co configuration. (g) Temperature dependence of the normalized magneto-resistance AR for SV + 10nm YBCO. Data acquired
at V0 = 5 and 20mV and in different contact configurations are compared. In the same graph, the R-T curve in LSMO-YBCO
configuration shows the SC transition at Tc ~ 65K. (h) Normalized AR vs. V0 at 10K for SV + 10nm YBCO in different
configurations. (i) Normalized loop for a SV+50nm YBCO (T = 10 K, LSMO-Co configuration) which shows no spin-valve effect.

at the interface between the YBCO and the FM LSMO
layers (as discussed in the introduction).

Figure 1(g) compares the magnitude of the spin-valve ef-
fect for the different structures and contact configurations
and shows that they exhibit similar temperature depen-
dences with a continuous increase toward low temperature.
The temperature dependence resembles the one of the
plain LSMO/Alqs/Co structures where it was explained
in terms of an increase of the spin-diffusion length of the
Alqs layer [25]. This suggests that the onset of supercon-
ductivity in the YBCO layer does not strongly influence

the spin-valve effect. This conclusion is corroborated by
the data in fig. 1(h) which reveal that the spin-valve effect
hardly depends on the applied voltage, i.e., whether it is
smaller or larger than the superconducting energy gap of
YBCO of Agc ~ 19meV (see refs. [26,27] and the discus-
sion below). Finally, fig. 1(i) shows that the spin-valve ef-
fect is absent (within the noise level) for the structure with
a 50nm thick YBCO layer. In the SM it is furthermore
shown that no spin-valve effect occurs for a corresponding
YBCO(10nm)/Alqs/Co structure with Tc ~ 76K that
has no LSMO layer.
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Fig. 2: (a) dI/dV ws. voltage curves at different temperatures measured on SV+50nm YBCO (LSMO-Co configuration); results
at selected temperatures are compared to those for a SV without YBCO. (b) 2D color map of dI/dV vs. temperature and voltage
on the same SV +50nm YBCO (LSMO-Co configuration); the dashed line indicates Tc. (c) and (d): selected dI/dV wvs. voltage
curves at different temperatures and 2D color map for SV+5nm YBCO. (e) and (f): The same as before for SV+10nm YBCO.

Next, we focus on the corresponding dI/dV curves in
zero magnetic field, which reveal the signatures of a su-
perconducting gap formation below T¢ and of a pseudo-
gap that persists well above T¢. This confirms that these
transport experiments are sensitive to the electronic and
superconducting properties of the YBCO layer, i.e., they
are not governed by defects within the YBCO layer at
which superconductivity is suppressed. The coincidence
of the pseudogap in the dI/dV curves and the spin-valve
effect in the MR~curves for SV+Y_5 and SV+Y_10 is also
in line with the scenario of a transfer of spin-polarized elec-
trons from LSMO to YBCO for which the latter becomes
strongly underdoped.

Discussion. — We start with the discussion of the
dI/dV curves of the SV+Y_50 structure that does not

exhibit a spin-valve effect. Representative dI/dV curves
below and above Tc ~ 72K are shown in fig. 2(a),
more data are displayed in terms of a 2D contour plot
in fig. 2(b). They reveal that the dI/dV curves undergo
rather sudden changes between 70K and 80K that are
characteristic of the opening of a superconducting gap.
The dI/dV curves in the normal state between 100 and
80K are only weakly voltage-dependent and rather simi-
lar, whereas the dI/dV curve at 70K is already upward
shifted and has a much larger curvature. The curvature
keeps increasing for the curves at T' < 60 K which develop
additional features in terms of a sharper minimum around
zero bias and a kink in the slope that eventually gives rise
to a crossing point around 19(1) meV. The latter is indeed
close to the superconducting energy gap of Agc ~ 18 meV
as reported from a scanning tunneling spectroscopy (STS)
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study of YBCO [26]. That the dI/dV curves in fig. 2(a)
and (b) do not exhibit the superconducting coherence peak
seen in STS [26,27] can be understood in terms of disor-
der effects due to the millimeter-sized active area of our
device and the large thickness of our Alqs barrier. Accord-
ingly, we assign this combined kink feature and crossing
point to a superconducting gap of Agc = 19(1) meV. For
comparison, we also show by the open symbols in fig. 2(a)
the dI/dV curves of a plain SV. They are almost flat and
featureless and confirm our interpretation of the above dis-
cussed structures in terms of the superconducting gap of
YBCO.

We proceed to the dI/dV curves and the contour plots
for the corresponding spin-valve structures with 5 nm and
10nm of YBCO in figs. 2(c) and (d) and figs. 2(e) and
(f), respectively. Below Tc ~ 58K and T¢ ~ 65K they
reveal similar gap features with a sharp minimum around
zero bias and kinks and crossing points near 12meV for
SV+Y_5, between 16 and 21 mV for SV+Y_10. The most
remarkable difference concerns the behavior at T > Tc,
where the signatures of the gap disappear much more grad-
ually than for SV4+Y_50 and persist well above 100 K.
This behavior is characteristic of the pseudogap phe-
nomenon that is observed in the tunneling spectra of
strongly underdoped cuprates [27]. The circumstance
that these structures also exhibit the spin-valve effect
in the MR-curves (see fig. 1(d) and (e)) finds a natu-
ral explanation in terms of a transfer of spin-polarized
electrons from LSMO to YBCO as discussed in the in-
troduction. Note that an additional contribution to an
overall reduced hole doping of all the YBCO layers (not
only in the vicinity of the YBCO/LSMO interface) may
arise from oxygen vacancies that develop during the Co
deposition, which can lead to a moderate sample heat-
ing and thus oxygen diffusion. Apart from other defects
and finite-size effects, this would explain the fairly low
Tc values (as compared to optimally doped, bulk YBCO
with Te &~ 90K) of the spin-valve with 50nm of YBCO
in fig. 2(a) and (b) and of the YBCO(10nm)/Alqs/Co
structure without a LSMO layer in the SM. Accord-
ingly, the charge transfer at the YBCO/LSMO interface
would drive the CuOs layers in the vicinity of the in-
terface from a weakly to a more strongly underdoped
state.

Conclusions. — To conclude, we studied how the spin-
dependent transport across a LSMO/Alqs/Co spin-valve
structure is modified by an additional YBCO layer be-
tween LSMO and Alqs. We found that up to a thick-
ness of 10 nm the YBCO becomes strongly spin-polarized
such that a sizeable spin-valve effect occurs even if the
superconducting YBCO layer serves as bottom electrode.
Notably, the superconducting transition of the YBCO
layer hardly influences this spin-valve effect. This does
not exclude a possible spin-triplet component of the con-
densate that could only be probed for structures with
much thinner barriers that allow one to maintain the

superconducting phase coherence. It suggests, however,
that the spin-polarized charge carriers of this YBCO layer
are not directly involved in the formation of the super-
conducting condensate. For the bulk cuprate high-T¢
superconductors it is indeed well established, e.g., from
tunneling and infrared spectroscopy [26,28-30], that a
large fraction of the charge carriers remains unpaired and
are subject to other kinds of correlation or ordering phe-
nomena, for example related to the charge-density-wave
(CDW), spin-density-wave (SDW) or stripe phases that
are currently under intense investigation [31]. It is well
known that these competing correlations get most pro-
nounced in the strongly underdoped regime where a so-
called pseudogap develops well above T. Our observation
of a coincidence of this pseudogap phenomenon with the
strong spin-polarization of the charge carriers in a thin
YBCO layer in proximity to ferromagnetic LSMO thus
adds another interesting facet to the fascinating spectrum
of physical phenomena that emerge from the competing
orders in these strongly correlated materials.
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