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We report a memory concept utilizing ferromagnet/superconductor/ferromagnet
La0.7Ca0.3MnO3 /YBa2Cu3O7 /La0.7Ca0.3MnO3 thin film hybrid structures. The orientation of the
magnetic field with respect to the ferromagnetic easy axis has a strong effect on superconductivity
as indicated by a strong variation in the magnetoresistance �MR�. MR can be controlled by rotating
a small magnetic field applied in the plane of the film in a way that is determined by the in-plane
biaxial magnetic anisotropy. The proposed memory device has the advantages of superconducting
detection elements �fast response and low dissipation�, small �100–150 Oe� writing fields, and
resistance read-out without need for applied field. © 2010 American Institute of Physics.
�doi:10.1063/1.3464960�

Superconductor-based electronics is a long pursued con-
cept, because of its advantages, such as power consumption
and switching time. Apart from the operation temperature,
one of the major obstacles is the difficulty of implementing a
dense memory technology. Ferromagnetic/superconductor/
ferromagnetic �F/S/F� heterostructures were proposed as pos-
sible pathways toward next generation spintronic devices and
memories1–3 exploiting the large magnetoresistance �MR� of
proximity coupled structures or their potential superior spin-
polarized transport performance due to longer spin decoher-
ence times.4 At F/S interfaces, the superconducting order pa-
rameter penetrates short distances into the ferromagnet, over
which Cooper pairs directly feel the exchange interaction.
This results in a strong interplay between both types of long-
range order. In this framework, the possibility of enhanced
superconductivity modulation by controlling the relative
magnetic alignment �parallel, P versus antiparallel, AP� of
the F layers in F/S/F double junctions5–13 gives rise to inter-
esting concepts for implementing memory devices.

In nonsuperconducting magnetoresistive memory ele-
ments currently employed in commercially available devices,
the magnetization of one freely rotatable magnetic layer is
toggled via a well-defined sequence of current pulses
through two perpendicular conducting wires, which results in
an in-plane rotation of the effective Oersted field. The sub-
stitution of the metallic N layer by a superconductor provides
a possible approach toward a superconducting memory, with
the advantage of an anticipated large MR ratio due to the
averaging of the exchange field over the coherence volume
in the AP configuration. However, the experimental realiza-
tions of this effect in samples based on low Tc superconduct-
ors and transition metal ferromagnets showed very narrow
temperature intervals �a few millikelvin� separating the criti-

cal temperatures in the P and AP configurations, and small
MR values, drawbacks that yet limit the practical usage of
this memory concept.

Here, we show that the interplay between
magnetic anisotropy and F/S intertalk in oxide
based La0.7Ca0.3MnO3 �LCMO� /YBa2Cu3O7 �YBCO� /
La0.7Ca0.3MnO3 �LCMO� spin switches leads to a different
concept of superconducting memory where the high and low
resistance states are controlled by rotating a small, in-plane
magnetic field. The advantages of the present approach are
twofold; first the structure is not proximity coupled, second
the anisotropy is biaxial with easy magnetic axes along the
�110� substrate directions. This system behaves as an inverse
superconducting spin switch with superconductivity favored
when the F layers are P. The �magneto�resistance, with much
larger values than in ordinary superconducting spin switches,
closely follows the AP alignment with a high resistance state
in the AP configuration and a low resistance state under P
alignment �as opposed to the ordinary superconducting spin
switch�.13–15

We grew F/S/F trilayers with fixed 15 nm thick top and
bottom LCMO layers on �100� SrTiO3 �STO� substrates by
sputter deposition in pure oxygen.12,13 Samples were epitax-
ial with �100� orientation and interfaces were atomically
sharp. The data shown here correspond to a sample with
8 nm thick �7 unit cells� YBCO spacer. All our samples ex-
hibit similar MR behavior up to YBCO thicknesses of 21 nm
�Refs. 14 and 15� and were found to display the same angu-
lar dependence discussed here.

Both top and bottom LCMO layers have in-plane easy
axes along the �110� direction, as referenced to STO. This
was shown by ferromagnetic resonance and by a set of dc
magnetization hysteresis loops recorded with fields applied
along various in-plane directions in both experiments.15 MR
was measured using a four-probe van der Pauw style geom-a�Electronic mail: jacsan@fis.ucm.es.
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etry with dc current injected in plane. We denote the angle
between the magnetic field and the �100� substrate edges �the
direction of one of the magnetic hard axes and the dc current,
too� by �.

The typical MR and magnetization hysteresis loops are
shown in Fig. 1�a�. The effect of magnetic alignment on
superconductivity can be closely tracked by the resultant
positive MR signals in the AP state. Applying magnetic
field along the easy axis enables a well-defined AP state
within a broad magnetic field range. The different coercivi-
ties of top and bottom layers allow controlling the relative
magnetic alignment of the F layers over a large magnetic
field range.14–16

Because the �biaxial� magnetic anisotropy modulates the
MR in an experiment rotating the magnetic field in the plane
of the film, we performed rotation experiments using an ap-
plied field �Happ� of variable direction. Figure 1�b� shows
MR as a function of the in-plane field direction by rotating
an applied field with constant magnitude of 150 Oe. This
Happ is larger than the anisotropy field of the bottom layer
and smaller than that of the top layer. We describe the mag-
netization switching with reference to the polar plot of the
Stoner–Wohlfarth critical switching curve �CSC� or magnetic
astroid. In films with biaxial anisotropy, the CSC is an as-
troid of eight cusps.17 Consider when Happ of magnitude less
than the anisotropy field of the film is applied along its easy
axis and then rotated. Then, the magnetization of the film

lags progressively further behind the Happ direction, until the
tip of the Happ vector intersects a point on the CSC at the
hard axis. Then, the angle of magnetization with Happ under-
goes a large jump and precedes Happ, until the astroid is
intersected again at the next easy axis. For rotations in op-
posite sense, magnetization jumps at angles symmetric to the
nodes of the asteroid, resulting in hysteretic behavior. Since
the chosen Happ=150 Oe is between the coercive fields Hc
of bottom �Hc=80 Oe� and top �Hc=350 Oe� of the two
layers, the magnetization of the bottom LCMO can rotate
freely, following Happ while the magnetization of the top
LCMO lags behind or precedes it. In Fig. 1�b� we plotted
resistance versus angle in Happ=150 Oe after saturating in
Hsat=10 kOe along �sat=135°. The direction of the saturat-
ing field �sat determines an overall unidirectional �exchange
bias-like� anisotropy with a minimum MR at �sat because in
this direction the two magnetizations are parallel. Data were
taken at 23 K, whereas the zero resistance critical tempera-
ture was TC=17 K. The thick line in Fig. 1�b� shows the
rotation from high angle to low angle; the thin line shows the
return. The peaks coincide with the magnetization jumps
when a hard axis is passed by, and exhibit hysteretic �rota-
tional� behavior, i.e., angular positions of the local MR
maxima are placed symmetrically on either side of the hard
axes for the two senses of rotations. Increasing the field of
rotation �Happ� brings MR maxima increasingly closer to the
hard axes directions �not shown�.

MR rotation curves show that F/S/F heterostructures can
be used as memory devices, based on the biaxial symmetry
that can be described as follows. Operation is determined by
the misaligned magnetization as in ordinary F/N/F memory
elements with normal metal �N� spacers. Note that in our
inverse spin switches �and in F/N/F structures� the high re-
sistance state occurs in the AP configuration contrary to or-
dinary superconducting spin switches where the AP align-
ment favors superconductivity and thus a low resistance
state. Since interface is atomically sharp, the observed MR is
free of the effect of interface roughness observed previously
in FNF structures.18,19 Therefore the biaxial anisotropy yields
stable magnetization states in four perpendicular directions
�the easy axes�. Moreover, the very large resistance change
between P and AP states �50%�, stable over the whole field
sweep, enables the use of this memory concept in practical
devices.

A demonstration of this memory concept is depicted in
Fig. 2. Figure 2�a� shows the angle dependent MR as the
Happ=150 Oe writing field is rotated in the film plane after
saturating at 135 degrees. This curve is highly reproducible
over various rotations, as long as a larger saturating field
�over 500 Oe� is not applied in a different direction. The “0”
or “1” bit state, designated by choosing a field angle and
corresponding MR, is erased by rotating the writing field.
These operations in time are indicated by the vertical lines of
Fig. 2�b�. As soon as the writing direction is set, the writing
field can be removed �Happ=0�. We chose neighboring direc-
tions of local maximum and minimum of the MR curve, as
indicated by the large black circle and red square in Fig. 2�a�.
The read operation consists of fast resistance measurements
using a low excitation current of I=100 �A, as shown in
Fig. 2�c�. Two stable resistance values are obtained that cor-
respond to the two write field angles, indicated by black
circles and red squares according to the symbols of panel �a�.
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FIG. 1. �Color online� �a� MR and magnetic hysteresis loops for magnetic
field applied along �110�. Dotted line indicates Happ=150 Oe. �b� Resistance
vs angle ��� in Happ=150 Oe after saturating the sample in 10 kOe at
�=135°. The thick line shows rotation of Happ from high-angle to low-angle,
while the dotted line is the reverse. The long arrow indicates the direction
of the Hsat=10 kOe saturating field. Temperature of this measurement
was 23 K.
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These two levels are independent of the order of the write
field operations �0’s or 1’s�. They are also stable both over
time �days� and over various write operations, with resis-
tance and corresponding voltage level ratios of over 50%.
Therefore, this is a good memory element or device concept,
where the high and low resistance states are stable at zero
field �and thus “memorized”� and are read by a simple and
fast resistance measurement.

In summary, we implemented an inverse superconduct-
ing spin-valve using the high-TC superconductor YBa2Cu3O7
and highly spin-polarized ferromagnetic La0.7Ca0.3MnO3
with a magnetoresistive response controlled by the biaxial
in-plane anisotropy. This provides an interesting concept for
superconductor based memory elements exploiting a number
of peculiarities which differentiates it from GMR based
memories. Besides the advantages of the superconductor de-
tection element �fast response and low dissipation� it has the

possibility of rather small �100–150 Oe� writing fields ap-
plied at different directions and the fast resistance read-out
without any applied field. This result represents a significant
advance toward the development of superconductor based
spintronic device architectures.
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FIG. 2. �Color online� �a� MR as a function of in-plane applied field,
Happ=150 Oe, rotated clockwise �thick line�, and counterclockwise �dotted
line�. The writing positions of the “0” and “1” states are indicated by the
black circle and red square. �b� Writing process. Over time, the in-plane field
of H=150 Oe was fully rotated �vertical lines� and then set at the writing
angles �black dots�. �c� The sample resistance as a function of time, after the
write operation and removal of the applied field �Happ=0�. Temperature of
this measurement was 23 K.
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