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Proximity effect in a superconductor/exchange-spring-magnet hybrid system
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We investigate the proximity effect in a superconductor/ferromagnet (S/F) hybrid system with a noncollinear
magnetic configuration. A new structure of an S/exchange-spring (ES) magnet is fabricated, where an ES
magnet is employed as an F layer since the magnetization configuration is varied from a collinear state to a
noncollinear state by a rotating external magnetic field in a well controllable way. We found that the resistance
decreases and the superconducting transition temperature increases, as noncollinearity is introduced starting
from a collinear state. We interpret that our experimental observation is due to the contribution of the odd-
triplet superconducting condensate that survived in a noncollinear magnetization configuration in the ES

magnet.
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I. INTRODUCTION

Superconductor/ferromagnet (S/F) hybrid structures show
exotic phenomena such as proximity effect, inverse proxim-
ity effect, triplet superconductivity, 7 junctions, domain-wall
superconductivity (DWS), etc.!> One of the most interesting
observations is the proximity effect. A superconducting order
parameter is suppressed due to the F layer and thus super-
conducting transition temperature, 7,, decreases or
oscillates.>* A simple physical interpretation of the proximity
effect is that the Cooper pairs are broken by a strong ex-
change coupling field in the F layer, where parallel spins are
preferred.

The so-called superconducting spin-switch effect is a mar-
velous phenomenon related to the proximity effect found in
the F/S/F trilayer structures.”~!° It manifests itself by the ex-
istence of nonzero AT,=T*"~T", where T"*” stand for the
T. of parallel and antiparallel magnetization configurations
of the two F layers, respectively. In a simple argument of
proximity effect, nonzero AT, is ascribed to the different
effective exchange fields between the P and AP configura-
tions. The pair breaking by the proximity effect in the AP
configuration is weaker since the exchange fields from two F
layers are canceled each other to cause YfP > Tf . However,
experimental observations are still controversial since there
were observations for the opposite case, 77 < 771113

Another interesting phenomenon in S/F system, which
only shows up under a specific magnetic environment, is an
odd-triplet superconductivity. Different types of supercon-
ducting condensate have been observed in various supercon-
ducting systems. Singlet pairing observed in most of conven-
tional low T, (s-wave singlet) and high-T., cuprates (d-wave
singlet) superconductors showed that the symmetric part of
the condensate function is an even function of the Matsubara
frequency, w. Another type of pairing, spin-triplet supercon-
ducting condensate of two electrons with the same spin, has
been discovered in several systems, such as, UPts,'4
Sr,Ru0,,'>!1% and Bechgaard salts, (TMTSF),PF,.!” For the
conventional spin-triplet superconductivity present in the
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above examples, the symmetric part of condensate function
is even in frequency and odd in momentum as same as the
singlet one. Conventional spin-triplet pairing is very sensi-
tive to the impurity concentration.

Recently, new type of superconducting condensate with
triplet pairing was reported in S/F systems.®!8-2? This pairing
is called odd-triplet superconductivity since it is odd in fre-
quency and even in momentum. Since the triple condensate
has the parallel spin configurations the triplet superconduct-
ing state is not sensitive to the existence of the ferromagnet
exchange field.!® Although the odd-triplet condensate sur-
vives in the presence of a strong impurity scattering the com-
ponents of §,=0 and S,= %1 in triplet pairing have different
characteristics. In case of the homogeneous magnetization in
F layer only a component with total projection S,=0 arises
alongside with the conventional singlet condensate. This
component decays rapidly as a length scale of & in dirty
limit, which is similar to the singlet one. The decay length &g
in a homogeneous F layer is given by VDy/h, where Dy and
h are diffusion constant and exchange energy of the F layer,
respectively. However, for inhomogeneous magnetization in
F layer, all the components of triplet condensate are available
alongside with the singlet one. In the diffusive limit, the
amplitude of symmetric component with S,=*1 dominates
and this component penetrates F layer over a long distance in
a length scale of &=\Dg/2wT. & is much longer than &
since 2@T<<h. It is similar to the nonmagnetic material
case, 192324

The slow decaying triplet condensate leads a large Jo-
sephson effect®2% and DWS.? After DWS was first ob-
served by Yang et al.,*® DWS-related phenomena were theo-
retically predicted?®3'3? and experimentally found in various
systems, such as, Py (=NigFey)/Nb bilayer®® and
[Co/Pt]y/Nb/[Co/Pt]y multilayer systems.?* They found the
enhancement of superconducting state when the magnetic
layer forms multidomain structure. At the vicinity of the do-
main wall, where the magnetizations are inhomogeneous, an
effective exchange field gets weaker and the average ex-
change field experienced by Cooper pairs within a coherence
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FIG. 1. (Color online) A typical hysteresis loop of an ES mag-
net. (Insets) A typical structure and a schematic image of the mag-
netization configuration of an exchange-spring magnet.

length becomes smaller. However, in most of the above
structures, it was difficult to control the domain structures.
Therefore, if we can generate and control the inhomogeneity
(noncollinearity) in the magnetization of the F layer near the
S/F interface, we will experimentally observe the contribu-
tion of odd-triplet component in a controllable way.

In this study, we employed a hybrid structure of a super-
conductor and an exchange-spring (ES) magnet (hereafter we
call it “S/ES hybrid system”), Nb/Py/SmFe, to investigate
the proximity effect under a noncollinear magnetization con-
figuration. The magnetization configuration of an ES magnet
near the S/F interface was varied from a collinear state to a
noncollinear state by rotating an external magnetic field,
H,,. Resistance, R, measured while rotating H,,, showed
that the T'. increases by establishing the noncollinearity in the
magnetizations of the F layer. We interpret that the observed
T. enhancement is due to the contribution of the odd triplet
condensates in the vicinity of noncollinear magnetization
configuration.??3

II. EXPERIMENTAL DETAILS

Figure 1 shows a typical magnetic hysteresis loop of an
ES magnet. The ES magnet consists of the two F layers, hard
(SmFe) and soft (Py) layers as shown in the inset of Fig.
1.35-37 The magnetization reversal process in ES magnet can
be simulated by a calculation with a simple atomic layer
model where the bilayers and the multilayers are composed
of stacking of atomic layers. In an ES magnet, the soft layer
is tightly coupled to the hard layer due to the strong interface
exchange coupling between the two layers. If soft layer
thickness is larger than the domain-wall width, the bottom
part of the soft layer is strongly pinned at the interface but
the topmost part of the soft layer is almost free to rotate with
an external magnetic field. The angle between each magne-
tization and the magnetization of the hard layer increases
with increasing distance from the hard layer, resulting in a
spiral spin structure similar to that in a Bloch domain wall.
This continuously changing spiral spin structure introduces a
noncollinear magnetization configuration as shown in the in-
set of Fig. 1. Therefore, the S/ES hybrid system is an ideal
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system that can be used to study the proximity effect of S/F
system due to a noncollinear magnetic configuration. Fur-
thermore, the noncollinearity in ES can be controlled by the
strength or direction of the external magnetic field.

An S/ES structure, Nb(30 nm)/Py(19)/SmFe(35), was de-
posited on Si substrates using a sputtering system. Details of
the sample preparation are reported elsewhere.’® Magnetiza-
tion was measured using a vibrating sample magnetometer of
a Quantum Design physical property measurement system
(PPMS-9T). The horizontal rotator option of PPMS was used
to measure R(6) while rotating the sample. Here 6 is the
angle between H,,, and the magnetization of the hard layer.
External magnetic field was always applied in plane of the
thin-film sample with varying 6. A schematic of the experi-
mental setup for the sample rotation is shown in Fig. 2(a).

III. RESULTS AND DISCUSSION
A. Magnetic configuration

First, we applied a large enough external magnetic field
(H,;=2 T) parallel to the x axis (magnetization direction of
the hard layer, #=0°) in order to saturate the soft and hard
layers. After that, H,, was reduced to a moderate field
(100—-2000 Oe) and the sample was rotated with an angle 6.
Rotating the sample is equivalent to rotating H,,,. Therefore,
in this study we refer to “rotating H,,,” instead of “rotating
sample.” Current was always applied parallel to the x axis.

Before we discuss the result of R(6), we need to figure out
the magnetization configuration established in the F layer by
rotating H,,,. Figure 2(b) illustrates the magnetization con-
figuration of ES magnet for a rotating field, where it shows a
noncollinear magnetization along the z axis in the soft layer.
In Fig. 2(c), we depicted the simulated result of ¢; for each
ith layer® using a representative example of H,,=2000 Oe.
¢; is the angle between the magnetization of the ith layer and
x axis. Dotted vertical lines correspond to the interfaces of
the S/ES and the soft/hard layers. The interface between the
S and ES is marked as i=0.

Since the H,,, (=2000 Oe) is much smaller than the co-
ercivity of the hard layer (H,~3 T at T~5 K), the magne-
tization orientation of the hard layer is considered not to
change. For =0°, both layers are saturated (all ¢;=0°). Ro-
tating H,, drags the topmost soft layer magnetization
(i=0) while the magnetization of the bottom soft layer
(i=100) is pinned along the hard layer magnetization. ¢; of
the topmost layer is close to # when H,,, is large enough but
it is always smaller than 6.

Figures 2(d)-2(f) show some of the ¢;’s in different 6
regimes. Figure 2(d) is for a small value of 6, where ¢;
changes continuously to generate a noncollinear magnetiza-
tion configuration. The blue, red, and green arrows represent
top, middle, and bottom magnetizations of the soft layer,
respectively. The black thin arrows are H,,,. When 6 exceeds
a critical value (>270° in our simulation) there are two pos-
sible configurations as shown in Figs. 2(e) and 2(f). Configu-
ration II requires large amount of interatomic exchange en-
ergy due to the large deviation angle between the adjacent
layers. Therefore, ¢,’s reconfigure to the configuration III,
where the system total energy is minimized since the de-
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FIG. 2. (Color online) (a) A schematic of the experimental setup
of rotation experiment. (b) Illustrations of the magnetization con-
figurations of an ES magnet with a rotating magnetic field. (c)
Simulation of the distribution of magnetization angle ¢; for each ith
layer using a representative example of H,,=2000 Oe. Blue
dashed lines correspond to the interfaces of superconductor/soft
layer and soft/hard layers. (d) Configuration I corresponds to a
small value of 6. Configurations II (e) and III (f) show two possible
magnetization configurations for the value of @ larger than a critical
angle (6>270°). The blue, red, and green arrows represent the top,
middle, and bottom magnetizations of the soft layer, respectively.
The black thin arrows are H,,,. (g) a(z)=®(0)— ¢(z) from the simu-
lation results of (c) with linear approximation.

crease in the interatomic exchange energy by reducing the
deviation angle between the adjacent layers is larger than the
increase in the Zeeman energy term. As a result, in the high
0 regime, the actual state is expected to form mixed states of
II and III, so the monodomain model is no longer valid. The
critical angle and the details of ¢;’s should depend on the
magnitude of H,,. A larger critical angle is expected for a
larger H,,,. Our simulation result suggests that rotating H,,,
introduces a noncollinear magnetization configuration in a
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FIG. 3. (Color online) (a) AMR as a function of @ for various

H,,, (=100, 500, 1000, 1500, and 2000 Oe) at 4.5 K (>T.). (b)

Normalized resistance, R(6)/R(6=0), as a function of 6 for various

H,, (=0, 100, 500, 1000, 1500, 2000, and 3000 Oe) at 3.23 K
(~T0).

controllable and reliable way within a certain range of 6
which depends on the magnitude of H,,,.

B. Transport properties

Figures 3(a) and 3(b) show R(6) of Nb/Py/SmFe/Si mea-
sured at T=4.5 K>T, and T=3.23 K~ T, with various H,,,
values, respectively. R(#) measurement has an advantage
over a typical magnetoresistance (MR) measurement,
R(H,,,). A noncollinear magnetization configuration can be
obtained in both measurements, but the one in the R(H,,,)
measurement occurs near the switching field regime, where a
multidomain formation occurs due to the polycrystalline na-
ture of our sample. Since the stray fields from the multido-
main formation dominate the proximity effect, the contribu-
tion from the noncollinearity is neglected. However, in a
rotating field measurement, R(6), we can introduce a noncol-
linearity without being disturbed by stray fields unless 6 ex-
ceeds the critical angle.

In Fig. 3(a), R(6) in normal state can be ascribed to the
anisotropic MR (AMR) of the Py layer.>® According to the
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magnetization configurations in Fig. 2(c) and the nature of
AMR, the H,, and 6 dependence of AMR in Fig. 3(a) is
qualitatively understandable. The measured AMR in Fig.
3(a) is approximately expressed as R(H,,,0) ~(Ry)
—(AR))sin*(¢;), where AR;(>0) is the magnitude of the MR
of each ith layer and ( ) is the weighted average values over
the whole F layers with the assumption of the current in
plane.*®

For a given H,,, {(¢;) increases with increasing 6, and
thus R decreases due to the sin’(¢;) dependence of AMR. As
H,,, increases, a larger AMR value (due to {¢,)) is obtained
for a given 6 as shown in Fig. 3(a). At (¢;~90°, R(6)
shows a minimum and increases again for {¢;)>90°. How-
ever, if 6 exceeds some critical values, as indicated by ver-
tical blue arrows in Fig. 3(a), the simple monodomain model
is not valid and sin*(¢;) dependence is broken. The maxi-
mum AMR in our measurements is about 1.25%, which well
agrees to the typical AMR value of Py.>* Experimental AMR
data in Fig. 3(a) and the simulation result in Fig. 2(c) suggest
that our S/ES system indeed provided a well-defined noncol-
linear magnetizations near the S/ES interface by rotating
HEX['

Before we discuss experimentally observed R(6) of the
S/ES system at T~ T, shown in Fig. 3(b), let us briefly ex-
plain the related theories. According to previous theoretical
works,”!*2! only singlet condensate can exist in isolated S
layer in the dirty limit. Triplet condensate becomes available
for the S/F bilayers. For the homogeneous F layer, only the
component of S,=0 projection has nonzero values but the
other component of S,= * 1, odd triplet, can not exist. When
the magnetic configurations are noncollinear, the odd-triplet
components of S,= = 1 are no longer zero. The component of
S.=0 decays rapidly, but the components of S,= =1, domi-
nating in the inhomogeneous F layer, penetrate F layer over a
long distance. The triplet components do not explicitly ap-
pear in the self-consistency equation,?®2!40-42 however, the
triplet contributions must be taken into account to obtain
correct T... Since the triplet condensate is coupled with sin-
glet one through the complementary boundary conditions,
the nonzero odd-triplet condensate will change the 7. of the
S/ES system.

Bergeret et al.>?* found an analytic relationship between
the amplitude of the odd-triplet component and the distribu-
tion of magnetization vectors in the F layer [see Eq. (3.60) in
Ref. 2]. For the S/ES system, the angle of magnetization in F
layer (soft layer) changes continuously along the vertical di-
rection to the S/F interface as already shown in Fig. 2(c). To
compare our experimental data with theoretical work®> we
define the angle of the magnetization in F layer relative to
the magnetization at the S/F interface as «, a(z)=@(z=0)
—¢(z). We assume, for simplicity, that « has a simple rela-
tionship with the depth from the interface, z; a(z)=0Qz
(0<z<w) and a(z)=a,, (z>w), where z, O, w, and a,, are
the depth from the interface which is proportional to the
layer index i, slope of the magnetization variation to the z
direction, domain-wall width, and the maximum angle,
respectively.” This means that the magnetization vector is
aligned parallel to the external magnetic field [(0)=0°] at
the S/F interface and rotates by a(z)=Qz within the length
scale of domain-wall width. At z>w the orientation of the
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magnetization is fixed (at the soft/hard interface, the magne-
tization is fixed along the magnetization of the hard layer).

The schematic behavior of «(z) for various 6 are depicted
in Fig. 2(g) based on the simulation results in Fig. 2(c) with
linear approximation. When we look at Fig. 2(g), O and the
maximum angle of ¢ increase with 6 indicating that the am-
plitude of the odd-triplet component is tuned in S/ES system
by rotating H,,,. We can roughly say Q increases monotoni-
cally with 6. They found that there is no triplet excitation for
the collinear magnetization configuration, Q=0. When Q (or
0) increases the triplet amplitude increases from zero,
reaches its maximum value at a certain Q,,,,, and then de-
creases (see Fig. 11 of Ref. 2).

Figure 3(b) shows the central experimental result of our
work, the normalized resistance, R(6)/R(6=0), of Nb/Py/
SmFe/Si as a function of 6 for various H,, (=0, 100, 500,
1000, 1500, 2000, and 3000 Oe) at 3.23 K (~T.). First, let us
focus only on the 0° < < 120° region for H,,,>500 Oe. It
clearly shows that R decreases by rotating H,,,. R(6) varia-
tion can be interpreted with aforementioned theories. With a
rotating H,,,, ¢, starts to evolve as shown in Fig. 2(c) and Q
also increases from 0. Nonzero Q implies that the configu-
ration of a noncollinear magnetization is formed in the soft
layer and causes nonzero magnitude of the odd-triplet con-
densate at the interface. As a result, we observed a decrease
in R or an increase in 7.

As aforementioned, when Q reaches Q. at a certain
value of 6 for a given H,,, the magnitude of odd-triplet
condensate has its maximum value. After that, increasing 6
leads a decrease in T,. Therefore, the observed minima in R,
marked with the blue vertical arrows in Fig. 3(b), indicate
the points of Q=0Q,..- Since the Q and «,, are a function of
H,,, and 6, the details of R(6), such as its minima, are also
the function of H,,,.

The functional form of R(H,,,, 6) has not been obtained
yet. In Fig. 2(g), we simulated the magnetization configura-
tion using the linear approximation of a(z) employed in the
theory.2 However, the actual configuration of magnetization
will probably be different from the linear approximation
when both H,,, and 6 are involved simultaneously. More
quantitative analysis of R(6) for different H,,, requires fur-
ther theoretical study and independent measurement of ver-
tical magnetization configuration, a(z), as a function of both
H,,, and 6, which are beyond the scope of our current work.

For larger values of 6, we observed a peak in R(6) curve
as indicated with red circles in Fig. 3(b). The position of the
peak is shifted toward higher angles for larger H,,,. We con-
jecture that the abnormal increase in R at higher angles is due
to the strong stray fields that were generated from the forma-
tion of multidomain states in ES layer, which then penetrated
into the S layer. Near T, the critical field of the S layer is
very small and thus some parts of the S layer become normal
state or vortexes are formed due to the stray field. As a result,
the large increase in R was observed as shown in Fig. 3(b).

Based on the theoretical calculation” and our experimental
observation, we can conjecture that rapid change in the mag-
netization (large Q) within the length scale of the penetration
length from the S/ES interface leads 7. increment and it can
be explained with the excitation of the triplet condensate.
However, if the change is too fast, the change in 7, de-
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FIG. 4. (Color online) R(T) of the S/ES hybrid system with
various 6 values, #=0°, 90°, 180°, and 270° with H,,=2000 Oe.

(Insets) R(T) in a whole temperature range and R(6) graph at T
=3.4 K with H,,=2000 Oe.

creases. For example, the proximity effect of the antiferro-
magnet can be treated as a nonmagnet.*>**

We have to emphasize that the singlet condensate and
triplet condensate with the projection S,=0 can not play an
important role in our observation of R(6) due to their short
penetration length, only a few atomic monolayers. In this
length scale, the change in ¢; is almost negligible and the F
layer is considered homogeneous during the field rotation.
Therefore, their contribution to the change in 7. as a function
of 6 is negligible in our experiments, where 1/Q is the order
of soft layer thickness, 19 nm. However, the long-range odd-
triplet component generated by noncollinear magnetic con-
figuration experiences a huge change in ¢; throughout the
entire soft magnetic layer and makes a major contribution to
the R (or 7,.) dependence on 6.

In Fig. 4, we plotted R(T) for 6=0°, 90°, 180°, and 270°
with the H,,=2000 Oe. The highest 7, is observed when
6~90° and the increase in T, is ~30 mK. The direct obser-
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vation of T, increase supports our interpretation that the de-
crease of R(6) is due to the contribution of odd-triplet super-
conductivity introduced in the inhomogeneous F layer.
Furthermore, the magnitude of AMR in Fig. 3(a) is only
about 1% while the variation in R in Fig. 3(b) is about 10%.
Therefore, AMR cannot be the main reason for the variation
in R near T,. The other possible origin is the enhanced con-
ductivity of the ferromagnetic layer. Bergeret et al.>? claimed
that the conductivity of the F layer can be enhanced by the
penetration of the odd triplet in noncollinear system. How-
ever, the enhancement of the conductivity is along the depth
direction (z axis), not in plane (xy plane). Therefore, the
enhanced conductivity of the F layer cannot be an explana-
tion of the R(6) variation we observed.

IV. CONCLUSIONS

In conclusion, we investigated the proximity effect in an
S/ES hybrid system, Nb/Py/SmFe. We found that the ES sys-
tem can provide a controllable noncollinearity in the magne-
tizations by changing the rotating angle or the strength of
external magnetic field. To avoid the stray field contribution,
we rotated H,,, instead of sweeping H,,,. The angular depen-
dence of AMR at 7> T, demonstrated the noncollinear mag-
netization configuration of the F layer is well introduced by
rotating H,,,. T, increased by ~30 mK when maximum non-
collinearity is introduced (6=90° and H,,,=2000 Oe). We
explain that our observation on R(6) and T,(6) is due to the
contribution of the odd-triplet condensate that exists in a
noncollinear magnetization configuration generated in the
soft layer of S/ES system.
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