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The theory of superconductor-ferromagnet heterostructures with two ferromagnetic layers predicts the gener-
ation of a long-range, odd-in-frequency triplet pairing at noncollinear alignment (NCA) of the magnetizations
of the F layers. This triplet pairing has been detected in a Nb/Cuy; Nisg/normal conducting- (nc-) Nb/Co/CoO,
spin-valve-type proximity effect heterostructure, in which a very thin Nb film between the F layers serves
as a spacer of nc metal. The resistance of the sample as a function of an external magnetic field shows that
for not too high fields, the system is superconducting at a collinear alignment of the CuyNisy and Co layer
magnetic moments but switches to the normal conducting state at a NCA configuration. This indicates that the
superconducting transition temperature 7, for NCA is lower than the fixed measuring temperature. The existence
of a minimum Tt at the NCA regime below that one for parallel or antiparallel alignments of the F-layer magnetic
moments, is consistent with the theoretical prediction of a singlet superconductivity suppression by the long-range

triplet pairing generation.

DOLI: 10.1103/PhysRevB.87.144507

I. INTRODUCTION

An odd-in-frequency triplet pairing generation in singlet
superconductor/ferromagnet thin-film heterostructures was
predicted theoretically.!™ At least two ferromagnetic layers
(F1,F,) with a noncollinear alignment (NCA) of their mag-
netizations are required to couple the conventional opposite-
spin singlet s-wave pairing channel with the unconventional,
odd-triplet s-wave pairing channel. The latter one is of
extraordinary long range in F layers,'>* because the mag-
netized conduction band of a ferromagnetic metal serves as an
eigenmedia supporting the equal-spin pairing.

Intense activities followed to formulate optimal conditions
and to realize experimental schemes for generation and
detection of this odd-triplet pairing using the Josephson
effect.”'* The observation of a current crossing a weak link of
ferromagnetic material with a thickness much exceeding the
penetration length for singlet-paired electrons®!! indicated a
triplet contribution to the Josephson current.

In superconductor-ferromagnet proximity-type experi-
ments, also the odd-triplet pairing was considered.'>'® In a
recent paper,'” a deep absolute minimum of the supercon-
ducting (SC) transition temperature, T, due to the odd-triplet
component generation was predicted for a S/F/F, SC spin-
valve heterostructure near the crossed (CR) configuration of
the magnetic moments of the adjacent F; and F, layers. The
aim of the present work is to realize this odd-triplet pairing
induced spin-valve effect experimentally.

An S/F|/N/F,/AF spin-valve heterostructure (Fig. 1) was
used. Here, S is a singlet superconductor (Nb), F; and F,
are metallic ferromagnet layers (CusNisg alloy and Co),
N is a spacer of normal conducting (nc) metal (very thin
Nb, below the critical thickness'®!”), and AF denotes an
insulating antiferromagnet (CoO,), to exchange bias the
magnetic moment of the F; layer.
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The equilibrium magnetization of the Cuy;Niso alloy is
perpendicular to the layer plane.?’?! For thin Co films, an
exchange bias induces an in-plane unidirectional anisotropy
so that the magnetization lies in the film plane.?? Then, with
an external magnetic field applied parallel to the plane of the
heterostructure, one could control the magnetic configuration
of the system from a parallel alignment (PA) through a CR
one toward an antiparallel alignment (APA) of the F-layer
magnetic moments (see the sketch in Fig. 1 and measurements
below).

II. SAMPLE PREPARATION AND CHARACTERIZATION

The thin film samples were deposited by magnetron
sputtering on commercial (111) silicon substrates at 300 K.
In the Leybold Z400 vacuum system, the base pressure was
about 2 x 10~ mbar. Pure argon (99.999%) with 8 x 1073
mbar served as sputter gas. To obtain samples with different
thicknesses of the CuyNisg alloy, a wedge-shaped layer was
deposited by rf magnetron sputtering as described in Refs. 18
and 19. To get a smooth Nb layer of constant thickness
and to control precisely the film growth rate, we moved
the target during the dc sputtering process of the Nb layer
(spray technology'®!%). The average growth rate of the Nb
film was about 1.3 nm/sec, while the rate of the sputtering
process was adjusted to 4 nm/sec, to reduce the amount of
contaminations gettered in the Nb film. The metallic Co layer
was deposited by rf sputtering. Reactive oxygen gas was mixed
to argon to deposit a CoO, oxide layer. The resulting specimen,
Nb/Cuy; Nisg-wedge/nc-Nb/Co/Co0O,., was sequentially cut
perpendicular to the CuNi thickness gradient on 25 stripes
of typical size 2.5 x 8 mm? and numbered from #1 to #25,
starting from the thick side. A series of Nb/Cuy4;Nisoe/Si-cap
pilot S/F bilayers for magnetoresistance (MR) measurements
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FIG. 1. (Color) The Nb/Cuy4; Nis¢/nc-Nb/Co/Co0O, sample cross
section. TEM image of sample SF;NF,-AF1 #5. Arrows in the sketch
indicate possible directions of the layers magnetic moments. The
thicknesses of the layers for sample #5 obtained from the TEM image
are about 12, 23, 7, 16, and 11.5 nm for Nb, CuNi, Nb-spacer, Co,
and CoO, respectively, whereas for sample #20 (not shown here),
they are about 12, 6.5, 6, 22 and 14.5 nm.

and a four-wedge (Cuy;Nisg-wedge/Si) x 4 sample reference
series for magnetic measurements were fabricated by the
same technique. The thicknesses of the different layers of
the samples, for which hysteresis and MR measurements are
presented below, were determined by Rutherford backscatter-
ing spectrometry,'®!° considering in the case of the SF;NF,-
AF]1 series in addition cross-sectional transmission electron
microscope (TEM) images of sample #5 shown in Fig. 1 and
#20 not shown here.

III. RESULTS AND DISCUSSION

We first measured hysteresis loops of the reference
(CuyNisy/Si) x 4 samples in directions perpendicular to the
sample plane and then, in-plane, parallel and perpendicular
to the initial CuNi layer gradient [inset in Fig. 2(b)] using
a SC quantum interference device (SQUID) magnetometer.
The out-of-plane hysteresis loop (red) clearly shows easy-axis
behavior [larger coercitivity and squareness compared to the
in-plane loops (blue and black)]. The in-plane semieasy axis
was determined as CR to the wedge gradient direction.

The desired sequence of magnetic configurations in the
spin-valve heterostucture was passed applying a magnetic field
along the in-plane semieasy axis of the CuyNisg layer, which
was simultaneously the easy axis of the Co film. The samples
were cooled at a field of 10 kOe, then the magnetic hysteresis
loops were recorded by a SQUID magnetometer in the field
range +4 kOe. Results of samples SF|NF,-AF1#1 and #16
(adjacent to that one used for MR measurements) are shown
in Fig. 2(a) and the inset, respectively.

For sample #1 (thickest Cuy;Nisg alloy layer) the Cuy;Nisg
and Co layer signal could be separated according to
Ref. 23 [Fig. 2(b)], which shows a clear exchange bias of
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FIG. 2. (Color) (a) The magnetic moment, m, hysteresis loop
(sweep route indicated) of a Nb/Cuy; Nise/nc-Nb/Co/CoQO, specimen,
sample SF|NF;-AF1#1 (dcyni & 28 nm). The dashed line is a mod-
eling according to Ref. 23. Inset: hysteresis loop of SFNF,-AF1#16
(dcuni & 11 nm) adjacent to the sample used for the MR measurements
below. (b) Modeled components of the hysteresis loop: the blue line
represents the cobalt layer and the red one the Cuy4;Nisg (magnified
by a factor of five). Diamagnetic contribution of the Si substrate is
subtracted. Inset: hysteresis loops of the reference (Cuy; Niso/Si) x 4
sample (dcyni & 30 nm), measured at 7 = 2 K perpendicular to the
film (red Lf), in the sample plane perpendicular (blue |/f,Lw) and
parallel (black |/f,||w) to the CuNi layer thickness gradient of the
wedge (see above). Pictogram abbreviations introduced in the text.

Hyips =~ 940 Oe due to the antiferromagnetic CoO,. Re-
sulting magnetic configurations are indicated by pictograms.
Upon sweeping the field from the positive saturated (PS)
configuration at +4 kOe toward the negative saturated (NS)
configuration (from —1.55 to —4 kOe), the sample passes
through the state with CR magnetic moments at approximately
—250 Oe and the APA of the Co and Cuy;Nisg magnetic
moments in the range from —250 to —1500 Oe. A similar
sequence follows when sweeping the field in the reverse
direction. The pilot S/F; bilayers behave similar to the
CuyNisg layer shown in red in Fig. 2(b).
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FIG. 3. (Color) Experimental results for a Nb/Cuy; Nisg/nc-Nb/Co/CoO, spin-valve structure (SF;NF,-AF1 series, dy, ~ 12 nm) measured
after cooling down in a field of 30 kOe. (a) SC transition curves at different magnetic fields, sample #17, dcyn; =~ 9.5 nm; (b) MR data recorded
well above the SC transition, sample #17; (c) MR curves recorded at 7, & 3.565 K, sample #17; (d) MR curves recorded at 75 &~ 3.540 K,

sample #17. Inset: MR of the pilot Nb/Cuy4; Nise/Si-cap bilayer (sample SF;-22#17, on a Si buffer layer; one has dy, =~ 8 nm and dcyni &

16

nm) measured in the same geometry and sequence as basic sample #17; (¢) MR curves of sample #2, dcyn; ~ 27 nm; (f) MR curves of sample

#24, dCuNi ~ 1.8 nm.

Resistance measurements were performed using the stan-
dard dc four-probe method with sensing current 10 A (po-
larity alternated to eliminate thermoelectric voltages), flowing
parallel to the magnetic field. Prior to the measurements, the
samples were cooled at 30 kOe in a field applied parallel to the
in-plane semieasy axis of the Cuy;Nisg layer as in the magnetic
measurements. A set of resistance-temperature, R(T'), curves
recorded at different magnetic fields H in this direction are
given in Fig. 3(a).

The MR measurements at 7; ~ 3.80 K, well above the onset
of the SC transition at zero field (midpoint 7. = 3.566 K), are
shown in Fig. 3(b). Weak downward peaks coincide with the
Cuy;Nisg layer coercive fields. These results are consistent
with an intrinsic magnetization of the Cuy;Nisg layer perpen-
dicular, and that one of the Co layer parallel, to the film plane
and to the current, if we assume that the anisotropic magne-
toresistance (AMR) of the Cuy;Nisg layer is observed in these
experiments.

The R(H) measurements in the temperature range of the
SC transition for sample SF|NF,-AF1#17 are presented in
Figs. 3(c) and 3(d) and for samples #2 and #24 in Figs. 3(e)
and 3(f), respectively. In Figs. 3(c), 3(e), and 3(f) the MR loops
were recorded at temperatures fixed close to the middle of the
SC transitions at H = 0 Oe, while in Fig. 3(d), 75 ~ 3.540 K is
close to the end of the transition. For temperatures in the middle
of the SC transition, upward MR claws of large magnitude,
reaching about 40% of the resistance at +4 kOe [see Fig. 3(c)],
located close to the coercive fields of the CuyNisg layer are
observed for the samples with thinner CuNi layer (#17 and
#24), whereas broad and flat cusps are found for sample #2
corresponding to the CR-APA range of fields of the loop in
Fig. 2. At T5 ~ 3.540 K, sample #17 passes through a sequence
of resistive-SC-resistive transitions [see Fig. 3(d)] confined
to the magnetic configurations in the system. Quantitative
comparison of the MR, AMR, and m(H) data for the thinner
samples (#17 and #24) allows us to identify the spikes positions
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with the CR magnetic moment configurations of the Co and
Cuy; Nisg layers.

Several reasons may generate the observed R(T, H) curves,
reflecting the unconventional behavior of the SC transition
temperature’*»?>: (1) a magnetic domain structure in the F
layers, (2) Abrikosov vortices induced in the bottom SC
Nb layer by the Cuy;Nisg alloy stray fields at perpendicular
alignment of its magnetic moment, and (3) the triplet pairing
generation in the spin-valve structure. We excluded the
possibility of current-dependent quasiparticle accumulation in
the NCA state’>?® because no marked change in MR was
observed for currents from 1 uA to 100 ©A.

The mazelike domain structure, developed in Cuy7Niss
films below the saturation field, has a spatial period of
about 100 nm (Ref. 21; Fig. 3), which is much larger than
the coherence lengths in our system.'® Thus, effects arising
from Cooper pairs in which the electrons experience an
inhomogeneous magnetic field can be neglected. Nevertheless,
stray fields of the domain structure could have an influence on
T., which may be constructive’’ or destructive.”® The first
case would lead to downward peaks in the R(H) sweeps in
the range of the SC transition, which we did not observe. The
second case would yield upward peaks due to a reduction
of T,, which is strongest for the demagnetized state at the
coercive field and vanishes for the single-domain state. A
resistive peak arising from this effect is, however, expected
to extend over the entire range of about =1 kOe, in which the
hysteresis curve of the Cuy;Nisg alloy layer changes between
the saturation values [see Fig. 2(b)], which is much wider
than the peak structure observed in Fig. 3. Moreover, there
should be present two structures of this type for every sweep,
because the Cuy;Nisg and Co layers should both generate
such a scenario.??2° In our experiments there is, however,
only one resistance peak per sweep of the magnetic field. For
specimens where the superconductor is sandwiched between
two ferromagnets, pairs of domain walls coupled across the
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superconductor are proposed to generate a stray-field-induced
resistance enhancement by multidomain states.’! This can,
however, not be a suitable mechanism in our S/F;/N/F,/AF
heterostructure with adjacent ferromagnetic layers.

On the other hand, although there is the nc-Nb/CuyNisg
interlayer between the Co and the SC Nb, there is an
influence on the superconductor via the proximity effect.’?
This influence is clearly seen, as the 7. of the samples of
the present work is reduced below that one of the specimens
of comparable thickness of the Nb film in Ref. 18. The
dependence on the thickness of the Cuy4;Nisy layer in our
spin-valve heterostructure, however, is weak compared to the
overall suppression.

The stray field issue is closely related to the vortex-
antivortex generation in the SC Nb film. Their motion would
result in a transition temperature reduction.*’

These scenarios were, moreover, checked with MR mea-
surements of the pilot Nb/Cuy; Nisg/Si-cap sample in the same
geometry and at the midtransition temperature [see inset in
Fig. 3(d)]. A similar influence of the Cuy; Nisg domain structure
on superconductivity of the Nb layer, as in the Nb/Cuy; Niso/nc-
Nb/Co/Co0O, structure, is expected.34 However, no MR claws
were observed in these pilot measurements, made for samples
with the primary Nb layer thicker (not shown here) and thinner
[inset in Fig. 3(d)] than dn, & 12 nm of our spin-valve
series SF|NF,-AF1. This means that the stray fields, although
being not generally negligible, do not generate the observed
resistance peaks. Thus, scenarios (1) and (2) can be excluded.

The experimental findings can be consistently described
in the framework of the existing theory of the S/F/F, core
structure'”** [i.e., scenario (3)] The S/F/F, core, compared
with the F,/S/F, or F,/S/F, cores design,*** allows not only
T, for the PA (T.P) to be lower than for the APA (T,*P) of the
F, and F, magnetic moments (TP < T.AP—the “direct” spin-
valve effect) but also the opposite (T.AF < T,P—the “inverse”
spin-valve effect). Moreover, a nonmonotonic dependence of
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FIG. 4. (Color) (a) The angular dependence of the critical temperature 7, according to the model developed in Ref. 17. Here, T, is the
critical temperature that the free-standing S-film would have. (b) Dependence of the critical temperature 7, on the magnetic field, swept along
the hysteresis loop shown in Fig. 2. The direction of the field sweep in the panel (b) is shown by red arrows; the corresponding evolution of 7,
in the panel (a) occurs along the red arrow. Physically, the NS state is not equal to the initial PS state because the magnetic anisotropy of the
system is not uniaxial, but unidirectional (see Fig. 2). Here df, ds, &k, and & are the thicknesses and the coherence lengths18 of the ferromagnet

F, and the superconductor, respectively
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the SC transition temperature 7, on the angle between the
magnetic moments of the adjacent ferromagnetic layers, F)
and F,, and the “triplet” spin-valve effect was predicted,'’
at which 7.™ for the NCA of magnetic moments is the
absolute minimum 7, because T, "R <{T.AP T.P}. The “direct”
and “inverse” spin-valve effects were demonstrated, e.g., in
a Co0,/Fe/Cu/Fe/In heterostructure.”” Below we argue that
we could observe the new, “triplet” spin-valve effect in the
Nb/CuyNiso/nc-Nb/Co/CoO, structure.

Two calculated curves, realizing all regimes mentioned
above, are presented in Fig. 4(a). The predicted behavior
can be compared with our experimental data in Fig. 4(b),
where T.(H) taken at the midpoint of the resistive transition
is presented. The data recording starts from the PS state at
+4 kOe corresponding to the PS starting point of the MR
measurements in Figs. 3(c) and 3(d). After the field polarity
change, T.(H) rapidly drops and reaches the minimal 7,™® at
the field close to the negative coercive field [see Fig. 2(a)]. The
downward spike in Fig. 4(b) coincides with the left (red) spikes
in Figs. 3(c) and 3(d) and corresponds to the CR magnetic
moments configuration of the Cuy;Nisg and the Co layers as
indicated by the pictogram. We identify the 7, drop in Fig. 4(b)
with the “triplet” spin-valve effect predicted in Ref. 17.

In the theory,!” the two layers of weak ferromagnets are
considered with a short electron mean-free path. The outer
ferromagnetic layer is infinitely thick. Superconductivity in
the heterostructure is treated using the Usadel equations.®
This seems to be not applicable if one of the layers is made
of a strong ferromagnet like cobalt. However, the functional
layer adjacent to the Nb film is Cuy; Nisg, a weak ferromagnetic
alloy. Apart from suppressing 7, of the system independently
of the thickness of the F; (Cuy;Nisg) layer (see Fig. 4(a) for
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o = 0), the outer ferromagnetic layer serves in the theory as a
mixer of the singlet and triplet pairing channels for the adjacent
functional layer. Since Co has a very short coherence length, &g
(Co) =~ 1.3nm,* dcy/&r (Co) & 12 and 17 for dc, &~ 16 nm and
22 nm, respectively (see caption of Fig. 1 for dc,). Although
there is a certain change of d¢, along the Cuy;Nisg wedge,
the Co layer is always physically infinite as required by
the theory.

IV. SUMMARY

In summary, we observed experimentally unusual MR
peaks and sequences of resistive to SC and vice versa
transitions in the Nb/Cuy4;Nise/nc-Nb/Co/CoO, spin-valve
heterostructure associated with coercive fields of the CuyNisg
layer and attributed to a noncollinear magnetic configuration
of the ferromagnetic layers in the structure. The SC transition
temperature shift in a magnetic field and a careful analysis of
magnetic configurations in the system allowed us to conclude
that we observed experimentally the predicted novel triplet
spin-valve effect.
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