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We report the strong suppression of YBa,Cu,O, (YBCO) supercurrent by injection of
spin-polarized quasiparticles (QP) using a cobalt "ferromagnetic injector. The injection of
spin-polarized QP generates a substantially larger nonequilibrium population as compared with that
of an unpolarized injection current. The observed cumrent gain depends on the thickness of Au
interlayer (d4,) and is directly related to the nonequilibrium magnetization due to spin relaxation
effects. For d,,= 15 nm, the tunnel characteristic a YBCO/Au/Co junction exhibited a zero bias
conductance peak, which may be interpreted by spin scattering processes at a ferromagnetic/d-wave
superconductor junction. © 1999 American Institute of Physics. [S0003-6951(99)02034-3]

The investigation of nonequilibrium superconductivity
due to tunnel injection of spin-polarized quasiparticles (QP)
provides useful information on the superconducting mecha-
nism related to spin-dependent electronic properties’ and
may also lead to a ncw class of superconducting devices. The
nonequilibrium state in a superconductor can be induced by
injecting photons or phonons with energy greater than the
superconducting energy gap or a tunnel current into i, so
that the number of QP becomes greater than that in thermal
equilibrium. Onc effective way to induce a strongly per-
turbed nonequilibrium state is tunnel injection of QP.2 Some
results on the QP injection effect into a high T, supercon-
ductor (HTSC) have been reported previously.™* However,
compared to a low temperature superconductor, the current
gain of HTSC was considerably smaller and about unity.
However, quite recently, it has been reported by many au-
thors that the spin-polarized QP injection from either a co-
lossal magnetoresistance material*® or a ferromagnetic ma-
terial of pemmalloy’ into a HTSC caused strong
nonequilibrium effects. The experiments suggest that the
high density of spin-polarized QP were injected into a super-
conductor and created a nonequilibrium state which was able
to affect the electronic transport propertics of the supercon-
ducting film.

In this letter, we report the Cooper-pair breaking effect
in a HTSC superconductor due to the injection of spin-
polarized QP into a YBCO film from a cobalt {Co) film and
compare it to that of unpolarized QP from a nonmagnetic
metallic gate. The dependence of the differential conduc-
tancec of YBCO/Au/Co (superconductor/normal-metal/
ferromagnetic: S/N/F) junctions on the voltage bias and the
thickness of Au interlayer (d ) have been studied. The cur-
rent gain of S/N/F junctions strongly depended on d,,,
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which behavior is interpreted by a model of the nonequilib-
rium magnetization due to the spin relaxation effects. The
properties of differential conductance of S/N/F junctions are
interpreted by the spin scattering processes at a
ferromagnetic/d-wave superconductor junction.

The YBCO films of 50-60 nm thickness were prepared
by pulsed-laser deposition technique on MgO (100) sub-
strates. Note that, the surface morphology of the YBCO thin
film is crucial in S/N/F spin injection experiment. We inves-
tigated the surface of the deposited YBCO films using an
atomic force microscope. The typical surface roughness of
50-nm-thick YBCO film has an average roughness of about 7
nm. Thus, we can rule out the expected material effect due to
a rough surface of the YBCO film. Two types of samples
with different counter electrodes were prepared in order to
compare the injection effect of spin-polarized QP with that
of unpolarized QP; one structure has a S/N/F structure and
the other has a S/N structure. The effective junction area was
100X 20 £m? for both junctions. For S/N junctions, the
thickness of the deposited Au layer was about 50 nm. For
S/N/F junctions, we deposited an Au barrier film on the
YBCO film to avoid the formation of a spin-glass phase at
the S/F interface.® The superconducting properties of YBCO
films were always degraded when a Co layer was directly
sputtered onto 2 YBCO film as shown in Fig. 1(a). The iso-
lation effect of Au barrier at the S/F interface provided a
noticeable change in superconductivity. With this sand-
wiched structure, the tunnel junction resistance changed. The
deposition of a minimum 10 nm thickness of the Au barmer
layer was necessary to avoid the degradation of superconduc-
tivity of a YBCO film. The device geometry is depicted in
Fig. I{b). Two currents were fed into a2 YBCO film: one is
the injection current (/;,) and the other is the transport cur-
rent (/) through a YBCO film. The /;, goes from the fer-
romagnetic Co film to the YBCO film through an insulating
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FIG. {. (a) Resistive transition of YBa,Cu,O, fims for a

Y B#,Cu;0, /AwCo tunnel junction (A) without a Au interlayer (d,,) and
(B) with d,,=10nm. (b) Photograph of the YBa,Cu;O,/AwCo tunnel
junction.

tunnel barrier (I) formed at the S/I/N/F boundary.

Figure 2 shows the /. suppression versus injection cur-
rent for a S/N/F junction with d,,=30nm at 4.2 K. Note
that, in the absence of tunnel barrier and nonequilibrium ef-
feet, a current gain of unity arises solely from current pair
breaking. Here, the solid straight line corresponds to the ex-
pected curve from the current pair-breaking model when
only the distributed current summation effect is considered.
It is clearly that there is a large deviation from this straight
line, tndicating that a nonequilibrium effect takes place due
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FIG. 2. YBCO film critical current as a function of injection current for a
YB84,Cu30, /AwCo with d ,= 30 nm at 4.2 K. The dashed line corresponds
to the calculated curve for a simple heating model. The solid line corre-

sponds to the curve c;g)cclcd for a current pair-breaking model.
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FIG. 3. Temperaiure dependence of current gain of YBa,Cu,0, ‘Au:Co of
(a) day=15nm, (b) d,,=30nm. (c) dy,=50 nm, and (d) YBa,Cu,0, /Au
(d 4y= 50 nm) tunnel junctions. The inset shows the temperature dependence
of the current gain of YBa,Cu;0, /Aw/Co on the Au thickness.

to the spin-polanized QP injection into the YBCO film. To
rule out heating effects, we used the simple heating model
assuming that only the injection current has the effect of
raising the film temperature, and calculated the expected
simple heating curve for this junction as shown by the
dashed line in Fig. 2. The curve was calculated in the fol-
lowing way: under QP injection, the nonequilibrium state is
described by an effective temperature T*, then the injector
power P becomes proportional to 7**~T*, where T is the
bath temperature.® Then, for a given /,,;, 7** is given by the

nj >
expression T*%= T‘IIZnJ/I:U‘ Note that, when [, =/, T*

inj’
=T,.. From the expression of the film critical currcr:t, the
value of /, corresponding to [i'r‘u- was obtained /. =/ (1
= Ly 1) (L + (1 11%)", where I, is the unperturbed /.
at 7=0. The qualitative discrepancy between the data and
the calculated curve is evident, indicating that a nonequiltb-
rium state different from simple heating is established.
Figure 3 shows the temperature dependence of the cur-
rent gain for S/N/F and S/N junctions. The current gain is
defined as the relation A/, /Al,;;, where A/, is the reduction
of /, and the criterion for /, is taken to be the value =1 puV
appearing at the current—voltage characteristics. The current
gain of the S/N/F junction, which decreases with increasing
temperature, can be explained by the suppression of the or-
der parameter of superconductor and the decrease of the spin
polarization of the injected carrier with increasing tempera-
ture up to 7. In the whole temperature range, the current
gain of S/N/F junction is 5~ 10 times larger than that of the
S/N junction. For S/N junctions, the current gain was about
unity. Note that the current gain strongly depended on the
junction geometry® and the QP injection direction into a
HTSC.!® However, for a simple cross-type tunnel junction
structure, it was almost unity. Hence, the high current gain of
a S/N/F junction may be attributed to an additional nonequi-
librium effect due to the injection of spin-polanized QP into

the superconductor.
IP copyright, see http://ojps.aip.org/aplo/apicr jsp
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FIG. 4. Temperature dependence of the differential conductance for a
YBayCu:O, Au/Co junction with a Au interlayer (d,,) of (a) d,,
=15nm. (b) d,,=30nm. and (¢) d y,= S0 nm.

Note that the spin diffusion length was about ~1.5 um
for an Au film according to the measurement of the spin-
injection-detection technique by Johnson and Silsbee.!'! We
found that the observed current gain was directly related to
d,, as shown in the inset of Fig. 3. As d,, was increased,
the spin-polarized QP injection effect might be weakened
due to spin relaxation effects in the Au interlayer. The ob-
served current gain scems to be directly related to the non-
equilibrium spin population in the YBCO film. Note that, in
the steady state of the N/F junction, spins enter Au interlayer
by a random relaxation process. The electric current driven
from a Co layer acts as a spin pump which drives a nonequi-
librium density of spin-polarized QP in the Au interlayer.
The nonequilibrium magnetization due to the spin relaxation
effects in the Au interlayer is given by M=1[,T . /Ad,,,
where /,, is the current of magnetization, T is the spin re-
laxation time, A is the area of electrode of , and d,,, is the
thickness of the Au interlayer.'' Thus, the electrical imped-
ance of the polarized current due to the nonequilibrium mag-
netization effects increased as the thickness of d, was de-
creased. This fact means that the volume occupied by spin-
polarized QP is directly related to the current gain. The
steady-state nonequilibrium magnetization effects may build
up in the YBCO film because the spin relaxation time in a
YBCO film is shorter than that of the Au interlayer. Thus,
the nonequilibrium electrical impedance of the S/N/F varied
with d4,. Note that, the temperature dependence of current
gain may originate from nonequilibrium spin magnetization
effects. It is expected that the spin relaxation time T be-
comes longer as temperature is reduced, since the quasipar-
ticle relaxation time is known to be longer at lower tempera-
tures. Thus, as shown in Fig. 3, we found that lowering the
temperature increases the current gain.

In order to investigate the Au barrier dependence of the
transport properties, we studied the tunnel conductance of
S/N/F junctions. The temperature dependence of the differ-
ential conductance of a S/N/F junction with d,=15nm is
shown in Fig. 4(a). The asymmetric zero bias conductance
(ZBCP) started to appear at 30 K and its amplitude increased
with decreasing temperature. For d,,=30 and 50 nm, it
showed a dip structure around zero bias as shown in Figs.
4(b) and 4(c), corresponding to a typical c-axis tunncling
conductance characteristic for a YBCO junction. Note that,
for tunneling along the c-axis of YBCO, a ZBCP is not ¢x-
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pected. Thus, the c-axis tunnel injection in the S/N/F junc-
tion with d,,=30 and 50 nm may not be much affected by
spin polarization. The results indicate that the differential
conductance characteristics in the S/N/F junction with d,,
=|5nm are strongly affected by the effective interfacial
boundary and the degree of spin polarization of the injector.
A number of model calculations have recently been done
which describe the transport properties between a ferromag-
net and an anisotropic d-wave superconductor.'? '* These
calculations are based on the ideas of Ref. 14 where a ferro-
magnet s-wave superconductor junction is treated. The mod-
els indicate that what will be observed in experiment de-
pends strongly on the orientation of the surface, the normal
scattering properties of the surface, whether it is reflective or
transparent, and the degree of spin polanzation of the ferro-
magnet. For a transparent surface and a strongly polarized
ferromagnet, there is a zero bias resistance peak.'’ This ef-
fect has been observed in a La;yBa,sMn0O;/DyBa,Cu;0,
junction.'® For more reflective surfaces and [mnp] (n. m, and
p: integer) interfaces with both m and n not equal to zero, a
ZBCP is expected unless the ferromagnet is quite close to
being completely polarized.'> For S/N/F junctions with d,,
=15nm, the degree of polarization is not large and, due to
an oxide layer, the surface is not very transparent. We there-
fore expect for non-c-axis oricnted interfaces a ZBCP.

In summary, we have reported the strong suppression of
the supercurrent of YBCO by injection of spin-polarized QP
from a ferromagnetic injector. The observed current gain de-
pended on the thickness of Au interlayer and was directly
related to the nonequilibrium magnetization due to the spin
relaxation effects. The differential conductance of a YBCO/
Au/Co junction is affected by the spin-polarized QP injection
current. The above phenomena are of great importance in
developing nonequilibrium three-terminal superconducting
devices.
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