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We demonstrate spin injection into superconducting Nb by employing a spin absorption technique in
lateral spin valve structures. Spin currents flowing in a nonmagnetic Cu channel are preferably absorbed
into Nb due to its strong spin-orbit interaction, the amount of which dramatically changes below or above
the superconducting critical temperature (7). The charge imbalance effect observed in the Cu/Nb inter-
face ensures that superconducting Nb absorbs pure spin currents even below 7T'. Our analyses based on the
density of states calculated using the Usadel equation can well reproduce the experimental results, implying
that the strong spin-orbit interaction of Nb is still effective for the spin absorption even below 7'c. Most
importantly, our method allows us to determine the intrinsic spin relaxation time in the superconducting
Nb, which reaches more than 4 times greater than that in the normal state.
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The recent development of nanofabrication technology
has led to the contemporary evolution of the novel
discipline of spintronics, which is beneficial for both
condensed matter physics and applied nanoscience [1].
Superconductivity might also be the discipline that could
evolve in combination with spintronics since it exhibits a
vast variety of interesting phenomena at the same length
scale, such as the proximity effect and the Andreev reflec-
tion [2]. Combining superconductors with spintronics thus
brings about novel phenomena such as the spin charge sep-
aration in superconducting Al in high magnetic fields [3,4]
and peculiar transport properties like the moderate spin
relaxation, as predicted by the theoretical study [5].

As to the spin transport, the spin relaxation time (zy;) of
superconductors is sometimes controversial experimen-
tally: 10°-fold enhancement of 7y of superconducting Al
confined in a magnetic double tunnel junction has been
experimentally shown [6], while other studies reported that
the 7z is shorter than [7] or equivalent to [8] that in the
normal state. One should note that in previous studies, spu-
rious effects like the magnetic proximity effect on a super-
conductor [7] or the charging effect in a small tunnel
junction [8] render unambiguous interpretation difficult.
It is therefore essential to inject a pure spin current into
superconductors out of the proximity to ferromagnets to
avoid such ambiguity.

In this Letter we report on the spin injection into
superconducting Nb. Our device structure enables us to
determine 7 of superconducting Nb free from the super-
fluous effects mentioned above. Compared with previous
studies, Nb is employed as a superconductor because it
is more intriguing in that it can bring about novel phenom-
ena like the spin Hall effect due to its strong spin-orbit (SO)
interaction, and it has even higher superconducting critical
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temperature (7-) than Al. We used the spin absorption
technique, which is efficient for injecting a pure spin
current into materials with strong SO interaction [9,10].
Below T, the amount of the absorbed spin current anoma-
lously depends on the spin injection current. Calculations
based on the Usadel equation can well reproduce the exper-
imental results and show that the spin current is absorbed
into superconducting Nb considering the superconducting
gap of Nb with the proximity effect and the strong SO inter-
action. Our calculations can directly estimate 7 in the
superconducting state and demonstrate that it becomes
more than 4 times longer than that in the normal state,
consistent with the theoretical prediction [5].

Two types of samples were prepared for the spin absorp-
tion experiments by means of electron-beam lithography
and the shadow evaporation technique. One is the typical
lateral spin valve structure [11,12] (sample A), where two
ferromagnetic (Nig; Fe9, hereafter Py) wires are bridged by
a nonmagnetic (Cu) wire. The other sample (sample B) has
the same structure as sample A, except that a Nb wire is
inserted below Cu in between the two Py wires [9,10],
as depicted in Fig. 1. We prepared a methyl-methacrylate
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FIG. 1 (color online). Schematic image of the spin absorption
experiment. The Nb middle wire is inserted between two Py wires
in the lateral spin valve structure. We flow the spin injection cur-
rent / between Cu and one of two Py wires to generate a pure spin
current in Cu. The pure spin current is partially absorbed into
the Nb middle wire. The signal is detected as a voltage V between
Cu and the other Py.
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FIG. 2 (color online).
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The NLSV signal above T [(a), T = 10 K] and below T [(b), T = 370 mK]. The green (gray) curve is

obtained from the sample without the Nb middle wire (sample A), and the red (dark gray) and the blue (black) curves are from
the sample with Nb (sample B). The red and the blue curves are different in /. For T > T, they show almost the same value, much
less than the green curve. However, for 7 < T'¢, they become different and the blue one shows an almost 2 times larger value than the red

one. Double curves for each color are from the different sweeps.

and polymethyl-methacrylate double layer resist onto a
thermally oxidized silicon substrate. After the lithography,
a 20 nm thick Py film was deposited on the substrate using
an electron-beam evaporator with a certain angle, and then
a 20 nm thick Nb from the counter direction keeping the
deposition rate for the homogeneous 7. The thickness
of Nb was chosen so as to keep the sufficient T and
not to disturb the spin transport in the Cu bridge. Then
a 100 nm thick Cu was deposited normal to the substrate
with a thermal evaporator. The targets of Nb and Cu are
both spatially separated from the Py target, in order to
make Nb and Cu free from magnetic impurities. These
procedures were carried out without breaking the vacuum.
The pressure was kept below 10~ Torr during the depo-
sition. The widths of Py, Nb, and Cu wires are 100, 300,
and 100 nm, respectively. The Nb middle wire becomes
superconducting below 5.5 K (=T).

The transport measurements were performed in a He
cryostat by using a standard lock-in technique with an
ac excitation current of 173 Hz. We flowed a spin injection
current / from one of the two Py wires (injector) to Cu to
generate the spin accumulation in Cu. The generated pure
spin current in the Cu bridge is detected as a voltage V
between the other Py (detector) and Cu [see Fig. 1].
During the measurement an external in-plane magnetic
field H is applied parallel to the longitudinal axis of the
Py wires, and V shows different values according to their
parallel or antiparallel magnetization [11,12]. The nonlocal
spin valve (NLSV) signal AR is defined as a difference in
the measured nonlocal voltage divided by I;i.e., R, = V/I.
If an extra wire (middle wire) with large SO interaction
(here NDb) is inserted between the two Py wires, the spin
current in Cu is partly absorbed into Nb for the benefit
of its fast spin relaxation [9,10]. As a result, the amount
of the spin current that reaches the detector is reduced,
and thus the spin absorption can be detected as the decreas-
ing NLSV signal.

We first measured R, for both samples at 10 K, above
Tc. AR, is suppressed in sample B compared with that
in sample A [Fig. 2(a)]. This explicitly shows that the spin
current is absorbed into the Nb middle wire because of its
strong SO interaction. From the ratio AR}/ ARYihout  ye
calculated the spin relaxation length (4y) of Nb (see
Supplemental Material [13]) and obtained Ay = 6 nm.
We note that AR, is independent of I, as shown in blue
(I =20 pA) and red (I = 100 uA) curves in Fig. 2(a).
These results are consistent with our previous studies
[10,12].

We next cooled the sample down to 370 mK, much lower
than T and measured R, again. Surprisingly, AR obtained
with / =20 yA was much larger than that with [ =
100 pA [Fig. 2(b)]. In order to clarify the relation between
AR, and [ in more detail, we measured AR, with increas-
ing 1. As shown in Fig. 3, while AR at7 = 10 K (> T¢)is
almost independent of / (triangles), AR, at 370 mK (< T'¢)
increases with 7 below 100 uA (circles). At = 10 uA, itis
dramatically enhanced to more than 2 times the value
for I = 100 pA.

For elucidating the effect of the superconductivity of Nb
on this anomalous / dependence of AR, we investigated
the interface state at the Cu/Nb junction since the interface
is the most influential to the spin absorption. We flowed an
ac current i through the Nb/Cu junction and detected the
voltage v between Nb and Cu, as shown in the inset of
Fig. 4(a). The interface resistance R; is defined as
R; = v/i. Figure 4(a) shows the T dependence of R;. R,
was measured with the excitation current i of 1 A, much
smaller than /. Above T, R; shows a negative value. This
can be explained by the inhomogeneous current flow at the
interface, as pointed out in many previous studies on the
giant magnetoresistance effect [14,15], and has nothing
to do with superconductivity. With decreasing 7, we
observed a sharp peak at T, and the sign of R; changed
from negative to positive below 7T'¢. This peak at T and
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FIG. 3 (color online). The relation between the NLSV signal
AR and the spin injection current /. When 7 =10 K (above
T¢), AR is almost independent of / (triangles). However, when
T =370 mK (below T¢), AR increases as I decreases (circles).

extra resistance below T'¢ arise from the charge imbalance
effect, related to the charge relaxation process of quasipar-
ticles in superconductors as reported first in the 1970s [16].
The properties of the charge imbalance effect are also dis-
cussed recently, especially for the low temperature proper-
ties [17], the spatial evolution [18,19] and the spin
polarized electrons [20]. The result of the charge imbalance
effect in Fig. 4(a) assures us that for T < T, the area close
to the Cu/Nb interface is in the superconducting state.
We then fixed T at 370 mK and plotted R; as a function
of the spin injection current / in Fig. 4(b). R; was measured
with an ac current i as in Fig. 4(a), while flowing a dc spin
injection current /. The obtained curve appears very similar
to the R; as a function of T [Fig. 4(a)]. The similarity of
these two curves indicates that the spin injection current
I is proportional to the effective temperature 7.y at the
Cu/Nb interface [13]. The overall tendency in Fig. 4(b)
is still sustained with applied in-plane magnetic field.
Therefore, by comparing Figs. 4(a) and 4(b), we can

T T T T T T T T T
0.3 (a) i Nb .
- II Cu 4
0.2 I | =
S| b
— 01 I I 1
oc L
0 7" Py v, Py

0.1} T N

o 2 4 T.6 s

T[K]

FIG. 4 (color online).

conclude that when the sign of R; is positive, the interface
is superconducting, which is satisfied in the NLSV meas-
urement for / < 150 yA (corresponding to T.) with an
in-plane magnetic field.

In order to investigate the effect of the superconducting
gap of Nb on the spin absorption, we calculated the density
of states (DOS) in the superconducting Nb. Since the inter-
face between Nb and Cu is transparent, we have to consider
the proximity effect between them [2]. The DOS of Nb
in proximity to Cu can be obtained by solving the one-
dimensional Usadel equation [21,22]:

w0
2 Ox2

h
+ (iE—2 cos 6’) sin @ + A(x) cos 6 = 0.
Tsf

6]

In this equation, D is the diffusion constant and x is the
coordinate with x = 0 at the interface. @ is a complex func-
tion of x and E and describes the pair correlation. A(x) is
the superconducting pair potential and can be calculated as
follows:

hawp E )
Alx) = NS(O)VA tanh <2kBT> Im[sin 0]dE, (2)

where Ng(0), V, and wp, are the DOS of Nb in the normal
state, the pairing interaction strength, and the Debye fre-
quency, respectively. We solved Eq. (1) in combination
with Eq. (2). The DOS of the superconducting Nb normal-
ized by Ng(0) is expressed as ng(E) = Re[cos]. In the
inset of Fig. 5, we show an example of ng(E) in the vicinity
of the Nb/Cu interface (orange triangles) and far from
the interface (blue squares). The DOS of Nb near the
interface has an energy gap but is smeared out due to
the proximity effect and the large spin relaxation in
Nb. The ratio of the spin current (/) flowing through
the Nb/Cu interface between superconducting and normal
state is expressed as [5,23]
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(a) Temperature dependence of R;. The sharp peak at T = T and extra resistance below 7' originate from the

charge imbalance effect and are related to the superconductivity of Nb. (b) Dependence of R; on the spin injection current /. The same
curve is obtained as (a). The insets show the measurement setup for R;.
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FIG. 5 (color online). The relation between 7 and /. 7 is nor-
malized by that in the normal state (7™ = 2.3 x 10713 5). As /
decreases, 7, dramatically increases. Inset: DOS of supercon-
ducting Nb calculated by the Usadel equation for x = 0 nm
and x = —20 nm.

e Of,(E)
W: /oo f’ls(E) (-a()T)dE (3)

The details of the calculation are in [13]. This equation
demonstrates that the spin current absorption explicitly
reflects the normalized DOS of superconducting Nb,
ng(E). The relation between the ratio of AR, and I, in
the superconducting or normal state is written as [13]

A Riuper B ;II.IECI‘ Iiuper (4)
A Rglormal Q&(i)rmal Igonnal ’

where Q;}Jé)er(nonnal) _ R;l]lger(normal)/,’zcu’ R;}ger(normal) is

the spin resistance of the Nb middle wire in the supercon-
ducting (normal) state and R, is the spin resistance of Cu
[24]. We note that the change of R, due to the proximity
effect is negligible because it is found from the calculation
that the proximity effect in Cu is small and spatially limited
while R, is defined in the whole Cu wire. From the exper-
imentally measured AR, we can determine Qy;, [9,13].
Thus, we can obtain 157" //7°™ from the experimental
values. For reproducing the experimental values of
3P/ romal e calculate Eq. (3) treating 7 as a free
parameter in Eq. (1). By this technique we can directly
obtain 7y, without calculating the quantities such as the
resistivity of quasiparticles usually necessary for calculat-
ing 7. Changing 7, we can reproduce AR, and we
acquired appropriate 7, for each /. The obtained 7 nor-
malized by that in the normal state (12}"“‘3') is shown in
Fig. 5. As I decreases, 7 dramatically increases. When
I =10 pA, 74 is more than 4 times larger than that of
the saturated value for 7 > 100 uA. The saturated value
of 74 ~25x 10713 s for I > 100 uA is fairly close to
7 in the normal state of Nb: z20™a! ~ 2.3 x 10713 s, calcu-
lated from the relation 7 = A%/D. This correspondence

supports the validity of our analysis. Considering the rela-
tion between I and T, increasing 7 with decreasing 7 is
consistent with increasing 7 with decreasing 7', as pre-
dicted in the theory [5].

Now we discuss the relation between the anomalous /
dependence of AR, and the superconductivity of Nb.
When [ is large (I ~ 100 uA, for example), the DOS is rel-
atively suppressed due to the gap opening near E ~ 0, but it
is not so effective on the spin transport because
—0fo(E)/JE is broadened due to the relatively large effec-
tive temperature near the Cu/Nb interface in Eq. (3). When
1 is decreasing, the gap largely opens, and the DOS at E ~ 0
is highly suppressed. Since —Jf(E)/OE is nonzero only at
E ~ 0, the spin injection is suppressed by the reduced DOS
in this energy range.

Finally, we mention the increased spin relaxation time. In
our sample structure, we can avoid superfluous effects such
as the magnetic proximity effect [7] or the charging effect
[8] which made the accurate estimation of 7z difficult in
previous studies. According to the theory, the spin relaxa-
tion time 7 is related to the impurity scattering time i,
which is related to the DOS as 7, & N(E)~" [25], where
N(E) is the DOS. The reduced DOS enhances the spin
relaxation time 7y due to the gap opening; hence,
N(E) = 0in the gap [5]. In our study, the increment is more
than 4 times, but still less than the previous study [6]. This
is mainly due to the smeared superconducting gap in our
case, while it is even sharper in Ref. [6] where Al was con-
fined in magnetic double tunnel junctions.

In conclusion, we have studied the spin injection into the
superconducting Nb. A pure spin current is absorbed into
Nb even in its superconducting state, and the anomalous
NLSV signal dependence on the spin injection current is
well explained by the calculation based on the Usadel equa-
tion. Our calculations allow us to directly estimate the spin
relaxation time of superconducting Nb in the structure
without spurious effects and demonstrate that it is enhanced
by more than 4 times that in the normal state, consistent
with the theoretical prediction.
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