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Andreev reflection in ferrimagnetic CoFe,0, spin filters

Franco Rigato,! Samanta Piano,>* Michael Foerster,' Filippo Giubileo,> Anna Maria Cucolo,® and Josep Fontcuberta

1

Unstitut de Ciéncia de Materials de Barcelona, CSIC, Campus UAB, Bellaterra 08193, Spain
2School of Physics and Astronomy, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom
3Physics Department and CNR-SPIN Salerno, c/o University of Salerno, Via Ponte don Melillo,
84084 Fisciano (SA), Italy
(Received 14 September 2009; revised manuscript received 16 February 2010; published 18 May 2010)

We have performed point-contact spectroscopy measurements on a sample constituted by a metallic ferro-
magnetic oxide (SrRuO3) bottom electrode and a tunnel ferrimagnetic (CoFe,0,) barrier. Andreev reflection is
observed across the tunnel barrier. From the comparison of Andreev reflection in SrRuO; and across the
CoFe,0, barrier we infer that the ferrimagnetic barrier has a spin filter efficiency not larger than +13%. The
observation of a moderate and positive spin filtering is discussed in the context of the microstructure of the

barriers and symmetry-related spin-filtering effects.
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I. INTRODUCTION

The spin polarization is a key quantity for the spintronics.
In the last few years, spin filters, constituted by a ferro-
(ferri-) magnetic tunnel barrier, have emerged as promising
alternative to create artificial spin-polarized current sources.
Ferromagnetic spin filters rely on the spin-dependent trans-
mittance of ferromagnetic tunnel barriers due to the existence
of an exchange-split band gap. Following the pioneering
work of Moodera et al.' who showed spin filtering at low
temperature using EuS ferromagnetic tunnel barriers, spin
filtering has been demonstrated using perovskite oxides’
(BiMnOs) and more recently, spinel oxides: NiFe,04 (NFO)
(Refs. 3 and 4) and CoFe,0, (CFO) (Ref. 5) barriers. As the
Curie temperature of ferrites is well above room temperature,
efficient room-temperature spin-polarized sources could be
obtained using these oxides. The most simple spin-filter
structure is formed by two metallic electrodes: a nonspin-
polarized current source (M) and a ferromagnetic layer (FM),
acting as a spin analyzer, with a ferro- (ferri-) magnetic tun-
nel barrier (FI) between them. Determination of the spin-
filtering efficiency (Pg;) of the FI barrier has been achieved
by measuring the magnetoresistance of the tunnel junction
and using the Julliere model to derive Pg;. Using this ap-
proach low-temperature values of +22% and —-25% have
been reported for NFO (Refs. 3 and 4) and CFO,> respec-
tively. However, by using the Meservey-Tedrow technique,
positive Pcpo values (ranging from +6% to 26% depending
on film growth conditions) have been obtained in CFO-based
spin filters.® Theoretical calculations of spin-dependent elec-
tronic structure of spinels indicate that the lowest-energy
conduction band is spin down,’ thus predicting a Pp;<<0. It
thus follows that, in spite of its relevance for further progress
in spintronics, no definitive determination of Py is yet avail-
able for spinel-based spin filters.

The point-contact Andreev reflection (PCAR) technique
has been introduced as a tool to measure the spin polariza-
tion of carriers in ferromagnetic materials.® In the case of a
normal-metal/superconductor junction, an incoming electron
from the normal metal with energy smaller than the super-
conducting gap cannot enter into the superconducting (SC)

1098-0121/2010/81(17)/174415(6)

174415-1

PACS number(s): 74.45.+c, 74.50.+r, 75.47.Pq, 72.25.—b

electrode and is reflected as a hole in the normal metal, si-
multaneously adding two electrons (a Cooper pair) to the
condensate in the superconductor. This process, known as
Andreev reflection (AR), causes an increase in the conduc-
tance around zero bias G(V=0) compared to the conduc-
tance at voltages G(V) well above the superconducting gap
(A/e) by a factor of 2. Since the reflected hole is created in
the density of states with opposite spin than the incoming
electron, the AR process is partially suppressed when the
respective densities of states are not equal, as in the case of a
FM/SC interface. In particular, in fully spin-polarized metals,
all carriers have the same spin orientation and the AR should
be totally suppressed because a hole cannot be created in the
opposite density of states. Thus, the absolute value (but not
the sign) of transport spin polarization |P| of a ferromagnetic
material can be inferred from the grade by which AR is sup-
pressed in a measured conductance spectra.? It has been
recently predicted'? that the insertion of a spin-filtering bar-
rier to form a SC/FI/M structure should lead to the subse-
quent modification of the AR process by spin-selective tun-
neling across the ferromagnetic insulator.

In this paper we report PCAR spectroscopy experiments
realized by pressing a superconducting Nb tip on a spin filter
constituted by a CoFe,0,4/SrRuO; (CFO/SRO) thin-film bi-
layer. We show that AR occurs across the ferrimagnetic CFO
tunnel barrier of the Nb/CoFe,04/SrRuO; (SC/FI/FM)
structure demonstrating spin-preserved tunneling through the
CFO barrier. Analysis of the experimental conductance data
by means of the modified Blonder-Tinkham-Klapwijk (BTK)
model'! allows determining the polarization P of the CFO/
SRO bilayer. PCAR experiments have also been conducted
on the bare SRO layers and we obtained P=~42(1)%. These
results indicate a very modest filtering efficiency of the CFO
barriers (<+13%). Implications of these findings are dis-
cussed.

II. SAMPLE PREPARATION AND
PRECHARACTERIZATION

CFO/SRO bilayers have been deposited by rf magnetron
sputtering from stoichiometric targets, on a single-crystalline
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FIG. 1. (Color online) C-AFM analysis of a CFO (3 nm)/SRO
(25 nm) bilayer on (111)STO: (a) resistance map in logarithmic
color scale; inset: histogram of the resistance values over the sur-
face. (b) I-V characteristic with a schematic of the measurement
circuit (inset).

(111)SrTiO; substrate. The bottom electrode is a 25-nm-
thick ferromagnetic (Toyie=120 K) and metallic [(p
~200 uf) cm) at 10 K] SRO epitaxial film, deposited at
~(0.5 nm/min in a mixed atmosphere of argon and oxygen
(ratio 3:2), with a total pressure of 100 mTorr; the substrate
temperature was 725 °C. The top layer is a 3-nm-thick epi-
taxial CFO film, grown at =0.1 nm/min with an Ar/O, ra-
tio of 10:1, and a total pressure of 250 mTorr at 500 °C. The
roughness of the SRO and the CFO layer are lower than 0.3
nm. The saturation magnetization of a bare 3-nm-thick CFO
film,'?> measured by a Quantum Design’s SQUID magneto-
meter was ~524 emu/cm’. This value is somewhat larger
than the bulk value. Similar enhancement had been reported
earlier for ultrathin films of other spinel oxides'® and attrib-
uted to partial cation inversion of the spinel structure and
subsequent electronic and magnetic ordering modifications.

The bilayer structure was characterized by conductive-
atomic force microscope (C-AFM), with a Nanotec Cer-
vantes AFM, using Nanosensors tips. Electrical measure-
ments were performed in two-point electrical configuration:
the C-AFM probe was grounded while the SRO bottom elec-
trode was positively biased. C-AFM measurements were
conducted in dry nitrogen atmosphere, using a feedback
force of =850 nN and an applied voltage of 800 mV.

In Fig. 1(a) we show a resistance map measured by
C-AFM: at each point of the surface the system records the
current between tip and sample under constant bias voltage.
This image indicates a very high electrical homogeneity in a
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large area (3 um X3 um). The simultaneously recorded to-
pographic maps (not shown) confirmed the absence of par-
ticular defects and an extremely smooth surface (rms
< 0.3 nm). The histogram of the resistance values, shown in
Fig. 1(a) (inset), indicates a narrow distribution of log R (half
width at half maximum =3.5%), centered around =~8.25
(=178 MQ). As the tunneling current depends exponen-
tially on the barrier thickness, the data in Fig. 1(a) signals
also an extremely small variation in the barrier thickness.'*
Subsequent measurements were repeated in the same area;
neither the resistance map nor the corresponding topographic
image evidenced significant changes in the surface properties
other than a minor reduction in the overall resistance likely
associated to residual surface contamination removal. No
traces of indentation or scratching could be detected. Tests
repeated at different locations on the sample surface yield
very similar results thus confirming the homogeneity of the
surface properties.

The current-voltage (I-V) curves measured at different
points on the surface [one example is shown in Fig. 1(b)]
show clear characteristics of tunneling behavior. The asym-
metry visible in /-V curves is due to the asymmetric contact
configuration for forward and reverse biasing of the tunnel
structure and it is of no relevance for PCAR experiments,
performed in the subgap region, to be described in the fol-
lowing.

III. POINT-CONTACT SPECTROSCOPY

Point-contact junctions were formed by pushing a soft
Niobium tip, obtained by mechanical cutting and chemical
etching a Nb wire (diameter~ 0.2 mm), onto the CFO sur-
face of the CFO/SRO bilayer. The experimental setup uti-
lized for the measurements has been described elsewhere.!”
Due to the softness of Nb and to the hardness of the CFO
surface, we do not expect significant scratching or penetra-
tion of the CFO film by the tip. The effective electric contact
radius d can be estimated by using the approximation'® R
=4pl/3md*>+p/2d and employing the values of the resis-
tance R measured at high bias (=200-300 (), the resistiv-
ity of equivalent SRO films (p=~200 w()cm) at 4 K and a
mean-free path [ of about 15 A, estimated from p.'7 It turns
out that the estimated contact size d is of about 45—-60 A,
implying that although the contacts are larger than the mean-
free path they are still in an intermediate regime d=1.

We have recorded conductance curves at low temperature
(T=4.2 K) at different positions on the film and with differ-
ent pressures between tip and sample. In Fig. 2 we show
representative conductance spectra of two different types of
junctions we measured: Junctions 1 and 2. Data have been
normalized by using the background conductance estimated
at large voltage (V> A/e) regions, where A is the supercon-
ducting gap of Nb (A=1.5 meV). Both spectra display a
clear increase of the conductance around zero bias suggest-
ing that the transport is mainly due to the Andreev reflection
process. Moreover, Andreev reflection, presumably spin-
filter weighted, takes place across the ferrimagnetic barrier as
predicted in Ref. 10. From data in Fig. 2 it is clear that the
normalized conductance G(=0 V) <2 thus indicating some
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FIG. 2. (Color online) Measured conductance spectra: (a) Junction 1 and (b) Junction 2; the continuous line represents the best fits. [(c)
and (d)] Zoom around low bias; for Junctions 1 and 2, respectively: comparison of the best fits with simulations achieved forcing P to
slightly different values, demonstrating the accuracy of the obtained polarizations.

suppression of AR as expected for a spin-polarized electron
tunneling.

It is noteworthy in Fig. 2 that the features in the conduc-
tance spectrum appear at energies that are sensibly higher
than what is expected for Nb. This observation is commonly
attributed to the presence of a spread resistance Rg arising
from the resistance of the sample between the junction and
one of the measuring contacts.'® The effect of Ry is to shift
the coherence peaks from V=~A to larger voltages and sub-
sequently changing the G(0) values. Following Woods et
al.'8 the spread resistance is included in our modeling of the
PCAR curves by considering two contributions to the mea-
sured voltage'’

V(1) = Vec() + Vs() (1)

and so the measured conductance G(V) will be fitted by us-

ing
-1
o= L[ A

dv dl dl

Vpc and Vg are the voltage drops at the FM/FI/SC junction
and at Rg, respectively. To calculate Vpo(I) we used the
modified BTK model!! considering an effective P spin-
polarized current coming out from the spin filter. For sim-
plicity, a ballistic regime (/> d) of transport across the junc-
tion will be assumed. Its application to the present case,
where [~ d, at first sight may seem problematic. However, as
shown in Ref. 18, the potential errors introduced by applying
ballistic formulas to diffusive contacts, as far as Z is not too
small, have a negligible impact on the extracted P values and

the uncertainty is translated into the barrier transparency Z.
The other relevant fitting parameters are: the superconduct-
ing gap A and a smearing coefficient (I') that allows model-
ing of the broadening of the gap edges and inelastic scatter-
ing at the interfaces.”® The local temperature has been
assumed to be the same like measured at the sample holder,
which is immersed in a liquid He bath.

The spread resistance Rg was determined beforehand by
setting a gap value A equal to the BCS value for Nb, thus
eliminating a possible degeneracy in A and Rg. Conse-
quently, A cannot be considered a completely free parameter
but it is set close to the BCS value. In the subsequent fitting
step, Rg was kept fixed to the determined value and P, Z, A,
and I" were allowed to vary. The solid line in Fig. 2(a) is the
result of the optimal fit of G(V) using P~=39%, Z=~0.13,
I'=0.22 meV, A=1.50 meV, and Rg/Rpc=0.5. The low
interface barrier transparency Z used to fit our experimental
data indicates that our measurements are not significantly
affected by a possible dependence of the values of P on
Z.21-23 The quality of the fit and its robustness on variations
in P can be better appreciated in Fig. 2(c) where we show the
low-voltage zoom of data in Fig. 2(a). In Fig. 2(c) we also
include fits obtained by fixing A(1.5 meV) and P to be
larger (45%) or smaller (35%) than P from optimal fit of Fig.
2(a) and allowing Z, I to vary. We notice in Fig. 2(c) that
fixing larger (smaller) P values lead to smaller (larger) I
values as predicted in Ref. 22, just illustrating that moderate
inelastic interface scattering (I') decreases the AR probabil-
ity. Thus the I' and P parameters in the AR spectra mix
together and distinction among both effects is challenging.?”
In spite of this, it is clear from these data that Py; should be
in the 45-35 % range for Junction 1.
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FIG. 3. Characteristics of fits obtained for data from Junction 1.
X* as function of Py, for standard normalization (n=1) and varied
normalization (n=1.001).

To treat a possible degeneracy of fits to PCAR spectra, it
has been proposed®* to perform fits of (A,Z,I") for different
fixed P,,, and check the resulting sum of the squared devia-
tions x? of the fits as function of P,,. In Fig. 3, results of
such analysis are shown for the data of Junction 1. A clearly
defined minimum of x? at about 39(1)% is found, which falls
well within the previously determined range of values, thus
we conclude that Py, =~39(1)%. However, for the data of
Junction 2 [Fig. 2(b), which will be discussed below], such
procedure proved to be ill-defined when using the proximity
reduced gap, due to the larger number of fit parameters.

It has been demonstrated?* that an error in the normaliza-
tion of the conductance spectra can lead to false minima in
X° Vs Pyia- Therefore the y* analysis was repeated using a
deliberately wrong normalization of the data in Fig. 2(a) (di-
vided by an additional factor n=1.001). Still, y? reproduces
the minimum but values of y? are considerably enlarged. For
normalization just slightly smaller than 1 (factor 0.999) rea-
sonable fits to the data are no longer possible and values of
X° increase drastically, demonstrating the validity of the
original normalization.

In Fig. 2(b) we show an example of a G(V) curve mea-
sured in some different contacts (Junction 2). Data in Fig.
2(b) display characteristic features of AR reflection but also
the occurrence of proximity effects and subsequent smaller
gap formation (Ap).!'"* As CFO is a ferromagnetic insulator
it may be supposed that a gap reduction may occur in some
part of the tip, likely due to the stray field of the ferrimag-
netic barrier. The modified BTK model has been worked out
including explicitly two gaps (A and Ap).!" We used the cor-
responding expressions to fit the data in Fig. 2(b). The solid
line is the result of the optimal fit of G(V) using, A
~1.48 meV, Ap=0.99 meV, I'=0.0 meV, and Rg/Rpc
~(.36. The values Z(=0.20) and P(31%) determined for
this contact are quite similar to those extracted from data of
Junction 1 [Fig. 2(a)]. In the zoom of the low-voltage region
[Fig. 2(d)] we include the fits obtained by fixing P to larger
(35%) or smaller (25%) values while keeping A and Ap con-
stant. The small I" values obtained from the best fits (I
~(.1), most probably result from the fact that the broaden-
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CFO

FIG. 4. (Color online) Schematic of the density of states vs
energy of a SC-FI-FM (Nb-CFO-SRO) structure. The AR process is
illustrated (solid arrow). An incoming electron from the SRO side is
reflected as a hole in the spin-reversed density of states while a
Cooper pair is added to the superconducting condensate. Parallel to
AR, electron tunneling into thermally excited states may occur
(dashed arrow). For simplicity, only spin-down electrons are de-
picted and low-lying spin-down barrier has been assumed.

ing of the spectrum is captured during the fit by the presence
of the two gaps required to fit the dips. Although the avail-
able data do not allow to disentangle both contributions, it is
clear from these data that P=31(3)% is a robust result for
Junction 2. At this point it is worth to recall that dips in
PCAR conductance spectra, as they appear in the data of
Junction 2 have also been explained as arising from the su-
perconductor reaching its critical current and thus adding
some normal conducting state finite resistance.’® Although
the origin of the dips in the conductance spectra cannot be
decided with certainty, a smaller superconducting energy gap
is, in principle, consistent with the observation of critical
current effects in Junction 2.

Therefore, it follows that Andreev reflection has been ob-
served across a ferrimagnetic tunnel barrier (Fig. 4). From
the analysis of the PCAR we infer that representative values
of the effective polarization of our CFO/SRO spin filter
(3-nm thick) are of about P=31(3)% and 39(1)% as deter-
mined for Junctions 1 and 2, respectively. To progress further
and to extract the spin-filter efficiency of the CFO barrier
requires the knowledge of the spin polarization of the current
emitted from the SrRuOj; electrode (Pggp).

Significantly different Pgro results have been reported:
Worledge and Geballe?” reported Meservey-Tedrow-type
measurements of tunnel junctions having SRO as electrode,
and determined Pgpo=-9%; Nadgorny et al.,”> using PCAR
with Sn tips, inferred a much larger value (|Psgo|=53%).
Although this strong discrepancy is not fully understood,?>?’
consensus exist that Pqro<<0. Negative spin polarization
arises from the difference of Fermi velocities for spin-up and
spin-down electrons emerging from SRO rather than the den-
sity of states at the Fermi level (which is practically
identical).?’

To obtain a more reliable basis for assessing the PCAR
results from the CFO/SRO structure, additional experiments
were performed on a SRO film equivalent to the bottom
electrodes used in the bilayers. A representative PCAR spec-
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FIG. 5. (Color online) Measured conductance spectra of a SRO
thin film, equivalent to the base electrodes used in CFO/SRO bilay-
ers; the continuous line represents the best fit. Inset: ¥ as function
of Py, for fits to the data in the main panel.

trum of the SRO film is shown in Fig. 5. The polarization of
SRO was again determined by fitting (solid line) to the modi-
fied BTK model and resulted in Pggo=42%, somewhat lower
but still in agreement with previously reported PCAR results
within their variations.?? In the inset of Fig. 5, the resulting
x° for fits with various Py, to the SRO data with a clear
minimum at Pgro=41.5(1)% is shown.

IV. DISCUSSION

We are now in position to compare the effective polariza-
tion measured in the spin filter and the bare SRO electrode.
One first notes that the values of P extracted from both junc-
tions are smaller than that of the bare SRO electrode. Due to
the fact that Pgrq is recognized to be negative (Pgro<<0),
this observation implies that the spin polarization of the CFO
barrier must be positive (Pcpo>0). Notice that although
PCAR experiments of a single ferromagnetic layer do not
allow to extract the sign of the spin polarization, this is pos-
sible in the present structure, where two ferromagnetic layers
are involved, if the sign of the spin polarization of one of the
layers (SRO in this case) is known.

It has been theoretically predicted that the lowest-energy
barrier in the exchange-split gap of CFO is the spin down;’
in such circumstances it could be expected that the spin-
down channel is dominating (Pp;<<0) the AR (Fig. 4), and
thus one could anticipate an effective P in CFO/SRO bilay-
ers larger than in the PCAR of the bare SRO electrode. Ex-
perimentally this is not the case as Pj; and Pj, are found to
be smaller than Pgro. We will discuss below on this discrep-
ancy.

We next consider the values of the spin-filtering efficiency
of the CFO layers. The two extracted values of Py,
[=39(1)% and =31(3)%] represent two distinct situations.
Whereas the second value (Junction 2) would indicate a sub-
stantial spin filtering of CFO, this is not so for data from
Junction 1, where a rather small difference with the bare
SRO electrode is observed.
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We can define the spin-filter efficiency of the CFO barrier
Pcgo by

Psro + Pcro
1+ PsroPcro

; A3)

where P is the effective spin polarization measured in the
PCAR experiment. Using Pyro=—42%, the two solutions of
Eq. (3) are Pcepo=+4% and +73% for P;; and Pcpg=
+13% and +67% for Pj,. Among these two sets of possible
values, which physically arise due to the fact that PCAR
cannot determine the sign of the measured spin polarization,
the largest pair of values (73% and 67%) are most likely
inappropriate as they could lead to spin filtering efficiencies
for CFO much larger than reported values.>® On the other
hand, we notice that Prpo=+13%, as determined for Junc-
tion 2, is within the range of Meservey-Tedrow results
(+6% =< Pcpo=+26%, depending on the growth conditions)®
obtained on CFO barriers of nominally equal thickness (d
~3 nm). Notably, the sign of the effect agrees with the
Meservey-Tedrow experiments, which is, however, different
from the one determined in tunnel magnetoresistance
measurements.’ On the other hand data for Junction 1 ap-
pears to indicate a very marginal spin-filtering effect. This
could be related to the fact that the CFO barrier is locally
suppressed either by a mechanical effect associated to the
Nb-tip pressure (although, as mentioned above, scratching
effects have not been observed when using the harder
C-AFM tip) or a locally poorer homogeneity of the insulat-
ing barrier. Although the CFO layers appears homogenous
and robust in CAFM measurements, the possibility that the
Nb tip penetrates the CFO layer either through pinholes or
completely when crushed onto the sample cannot be ex-
cluded. Under such circumstances, it turns out that Py, and
thus Pcpo=+13% constitutes the most representative value
of the spin-filtering efficiency of the present CFO barriers. It
could be argued that a similar result would be obtained if the
CFO barrier does not spin filter at all but only contributes to
depolarize the electron current from SRO. However, the ex-
perimental observation of spin filtering in CFO in tunnel
structures®® does not support this view.

Before concluding we would like to comment on the posi-
tive sign observed for Pcpo. As mentioned, this observation
is opposite to theoretical predictions,” which are based on the
electronic configuration of an ideally inverse spinel structure
of CFO where all Co?* occupy the octahedral sites of the unit
cell and the Fe** equally populate the octahedral and tetra-
hedral sites. However, magnetization data of nanometric thin
films'>!3 of various spinels, including CoFe,O, and NiFe,0,
have provided conclusive evidence that the cationic distribu-
tion in nanometric thin films may largely differ from their
bulk counterparts. As shown by the calculations of Szotek et
al.,” the insulating gap of CFO closes by some 75% when the
cationic distribution is not that of the ideal inverse spinel
structure but a normal one. It thus follows that the tunnel
transport may be overcome by other nonspin preserving
transport channels and therefore a reduced spin-filtering ef-
ficiency could be anticipated for cationically disordered
films. To what extent the change of sign of the spin-filtering
efficiency is related to the same effect is not definitely
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settled. We also notice that the spin-filtering efficiency
should not be simply related to the exchange splitting of the
insulator but the symmetry of the relevant wave functions
may also play a role.

V. SUMMARY

In summary we have shown evidence that Andreev reflec-
tion occurs at ferrimagnetic tunnel barriers. Data collected
using point-contact spectroscopy allowed to estimate the ef-
fective spin polarization of a current through the interface of
a spin filter and a superconducting tip. It turned out that a
possible spin-filtering effect of the spinel oxide CoFe,O4
tunnel barrier is limited to about +13% with the accuracy of
these measurements. Observation of a positive spin-filtering
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efficiency is unexpected and may suggest the relevance of
spin-dependent orbital symmetry effects on the tunnel prob-
ability in spin filters. To the best of our knowledge this issue
has not been theoretically addressed yet.

ACKNOWLEDGMENTS

Financial support from the Ministerio de Ciencia e Inno-
vaciéon of the Spanish Government Projects (Grants No.
MAT2008-06761-C03 and No. NANOSELECT CSD2007-
00041), from the Generalitat de Catalunya (Grant No. 2009-
SGR-00376), and from the European Union [ProjectMaCo-
MuFi (Grant No. FP6-03321) and FEDER and Marie Curie
IEF Project SemiSpinNano] is acknowledged. S.P. thanks B.
L. Gallagher and C. J. Mellor for hosting the final stage of
this research.

7. S. Moodera, X. Hao, G. A. Gibson, and R. Meservey, Phys.
Rev. Lett. 61, 637 (1988).

2M. Gajek, M. Bibes, A. Barthélémy, K. Bouzehouane, S. Fusil,
M. Varela, J. Fontcuberta, and A. Fert, Phys. Rev. B 72,
020406(R) (2005).

3U. Liiders, M. Bibes, K. Bouzehouane, E. Jacquet, J.-P. Contour,
S. Fusil, J.-F. Bobo, J. Fontcuberta, A. Barthélémy, and A. Fert,
Appl. Phys. Lett. 88, 082505 (2006).

4U. Liiders, A. Barthélémy, M. Bibes, K. Bouzehouane, S. Fusil,
E. Jacquet, J.-P. Contour, J.-F. Bobo, J. Fontcuberta, and A. Fert,
Adv. Mater. 18, 1733 (2006).

SA. V. Ramos, M.-J. Guittet, J.-B. Moussy, R. Mattana, C. Der-
anlot, F. Petroff, and C. Gatel, Appl. Phys. Lett. 91, 122107
(2007).

%A. V. Ramos, T. S. Santos, G. X. Miao, M.-J. Guittet, J.-B.
Moussy, and J. S. Moodera, Phys. Rev. B 78, 180402(R) (2008).

77. Szotek, W. M. Temmerman, D. Kodderitzsch, A. Svane, L.
Petit, and H. Winter, Phys. Rev. B 74, 174431 (2006).

8R. J. Soulen, Jr., J. M. Byers, M. S. Osofsky, and B. Nadgorny,
S. F. Cheng, T. Ambrose, P. R. Broussard, C. T. Tanaka, J.
Nowak, J. S. Moodera, A. Barry, and J. M. D. Coey, Science
282, 85 (1998).

°S. K. Upadhyay, A. Palanisami, R. N. Louie, and R. A. Buhr-
man, Phys. Rev. Lett. 81, 3247 (1998).

105, Kashiwaya, Y. Tanaka, N. Yoshida, and M. R. Beasley, Phys.
Rev. B 60, 3572 (1999).

NG, 1. Strijkers, Y. Ji, F. Y. Yang, C. L. Chien, and J. M. Byers,
Phys. Rev. B 63, 104510 (2001).

12F. Rigato et al. (unpublished).

13U. Liiders, M. Bibes, J.-F. Bobo, M. Cantoni, R. Bertacco, and J.
Fontcuberta, Phys. Rev. B 71, 134419 (2005); F. Rigato, S. Es-
tradé, J. Arbiol, F. Peird, U. Liiders, X. Marti, F. Sdnchez, and J.
Fontcuberta, Mater. Sci. Eng., B 144, 43 (2007).

14V, Da Costa, M. Romeo, and F. Bardou, J. Magn. Magn. Mater.
258-259, 90 (2003).

I5E. Giubileo, M. Aprili, F. Bobba, S. Piano, A. Scarfato, and A.
M. Cucolo, Phys. Rev. B 72, 174518 (2005).

6B, Nikoli¢ and P. B. Allen, Phys. Rev. B 60, 3963 (1999).

7G. Herranz, B. Martinez, J. Fontcuberta, F. Sanchez, C. Ferrater,
M. V. Garcia-Cuenca, and M. Varela, Phys. Rev. B 67, 174423
(2003).

8G. T. Woods, R. J. Soulen, Jr., I. Mazin, B. Nadgorny, M. S.
Osofsky, J. Sanders, H. Srikanth, W. F. Egelhoff, and R. Datla,
Phys. Rev. B 70, 054416 (2004).

195, Piano, F. Bobba, F. Giubileo, A. M. Cucolo, M. Gombos, and
A. Vecchione, Phys. Rev. B 73, 064514 (2006).

20P. Chalsani, S. K. Upadhyay, O. Ozatay, and R. A. Buhrmann,
Phys. Rev. B 75, 094417 (2007).

21y, Baltz, A. D. Naylor, K. M. Seemann, W. Elder, S. Sheen, K.
Westholt, H. Zabel, G. Burnell, C. H. Marrows, and B. J.
Hickey, J. Phys.: Condens. Matter 21, 095701 (2009).

22N. Auth, G. Jakob, T. Block, and C. Felser, Phys. Rev. B 68,
024403 (2003).

23B. Nadgorny, M. S. Osofsky, D. J. Singh, G. T. Woods, R. J.
Soulen, Jr., M. K. Lee, S. D. Bu, and C. B. Eom, Appl. Phys.
Lett. 82, 427 (2003).

24y, Bugoslavsky, Y. Miyoshi, S. K. Clowes, W. R. Branford, M.
Lake, I. Brown, A. D. Caplin, and L. F. Cohen, Phys. Rev. B 71,
104523 (2005).

2R, P. Panguluri, K. C. Ku, T. Wojtowicz, X. Liu, J. K. Furdyna,
Y. B. Lyanda-Geller, N. Samarth, and B. Nadgorny, Phys. Rev.
B 72, 054510 (2005).

26G. Sheet, S. Mukhopadhyay, and P. Raychaudhuri, Phys. Rev. B
69, 134507 (2004).

2’D. C. Worledge and T. H. Geballe, Phys. Rev. Lett. 85, 5182
(2000).

28This equation is derived by considering different transmission
coefficient for the two independent spin channels across the
spin-filtering CFO barrier and a spin-polarized current coming
from the SRO.

174415-6


http://dx.doi.org/10.1103/PhysRevLett.61.637
http://dx.doi.org/10.1103/PhysRevLett.61.637
http://dx.doi.org/10.1103/PhysRevB.72.020406
http://dx.doi.org/10.1103/PhysRevB.72.020406
http://dx.doi.org/10.1063/1.2172647
http://dx.doi.org/10.1002/adma.200500972
http://dx.doi.org/10.1063/1.2787880
http://dx.doi.org/10.1063/1.2787880
http://dx.doi.org/10.1103/PhysRevB.78.180402
http://dx.doi.org/10.1103/PhysRevB.74.174431
http://dx.doi.org/10.1126/science.282.5386.85
http://dx.doi.org/10.1126/science.282.5386.85
http://dx.doi.org/10.1103/PhysRevLett.81.3247
http://dx.doi.org/10.1103/PhysRevB.60.3572
http://dx.doi.org/10.1103/PhysRevB.60.3572
http://dx.doi.org/10.1103/PhysRevB.63.104510
http://dx.doi.org/10.1103/PhysRevB.71.134419
http://dx.doi.org/10.1016/j.mseb.2007.07.102
http://dx.doi.org/10.1016/S0304-8853(02)01122-8
http://dx.doi.org/10.1016/S0304-8853(02)01122-8
http://dx.doi.org/10.1103/PhysRevB.72.174518
http://dx.doi.org/10.1103/PhysRevB.60.3963
http://dx.doi.org/10.1103/PhysRevB.67.174423
http://dx.doi.org/10.1103/PhysRevB.67.174423
http://dx.doi.org/10.1103/PhysRevB.70.054416
http://dx.doi.org/10.1103/PhysRevB.73.064514
http://dx.doi.org/10.1103/PhysRevB.75.094417
http://dx.doi.org/10.1088/0953-8984/21/9/095701
http://dx.doi.org/10.1103/PhysRevB.68.024403
http://dx.doi.org/10.1103/PhysRevB.68.024403
http://dx.doi.org/10.1063/1.1539551
http://dx.doi.org/10.1063/1.1539551
http://dx.doi.org/10.1103/PhysRevB.71.104523
http://dx.doi.org/10.1103/PhysRevB.71.104523
http://dx.doi.org/10.1103/PhysRevB.72.054510
http://dx.doi.org/10.1103/PhysRevB.72.054510
http://dx.doi.org/10.1103/PhysRevB.69.134507
http://dx.doi.org/10.1103/PhysRevB.69.134507
http://dx.doi.org/10.1103/PhysRevLett.85.5182
http://dx.doi.org/10.1103/PhysRevLett.85.5182

