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The effects of spin-polarized quasiparticle transport in superconducting YBazCuzO7_s (YBCO)
epitaxial films are investigated by means of current injection into perovskite ferromagnet-insulator-
superconductor (F-I-S) heterostructures. These effects are compared with the injection of simple
quasiparticles into control samples of perovskite non-magnetic metal-insulator-superconductor (N-I-
S). Systematic studies of the critical current density (J.) as a function of the injection current density
(Jinj), temperature (T), and the thickness (d) of the superconductor reveal drastic differences be-
tween the F-I-S and N-I-S heterostructures, with strong suppression of J. and a rapidly increasing
characteristic transport length near the superconducting transition temperature 7. only in the F-I-
S samples. The temperature dependence of the efficiency (n = AJ./Jinj; AJe: the suppression of
critical current due to finite Jin;) in the F-I-S samples is also in sharp contrast to that in the N-I-S
samples, suggesting significant redistribution of quasiparticles in F-I-S due to the longer lifetime of
spin-polarized quasiparticles. Application of conventional theory for nonequilibrium superconduc-
tivity to these data further reveal that a substantial chemical potential shift p* in F-I-S samples
must be invoked to account for the experimental observation, whereas no discernible chemical po-
tential shift exists in the N-I-S samples, suggesting strong effects of spin-polarized quasiparticles on
cuprate superconductivity. The characteristic times estimated from our studies are suggestive of
anisotropic spin relaxation processes, possibly with spin-orbit interaction dominating the c-axis spin
transport and exchange interaction prevailing within the CuO2 planes. Several alternative scenarios
attempted to account for the suppression of critical currents in F-I-S samples are also critically
examined, and are found to be neither compatible with experimental data nor with the established
theory of nonequilibrium superconductivity.

PACS numbers: 74.50.4+r, 74.40.+k, 74.80.Dm, 74.60.Jg

I. INTRODUCTION

One of the most intriguing open questions associated
with high-temperature superconductivity is the relevance
of dg2_,2-wave pairing symmetry? and antiferromag-
netic spin correlation® to the pairing mechanism, and
the possibility of spin-charge separation due to either
the resonant-valence-bond (RVB) scenario* % or the ex-
istence of charged stripes”™®. A natural consequence of
the dg2_,2-wave pairing symmetry in the hole-doped (p-
type) cuprate superconductors’? is an anisotropic pair-
ing potential and the existence of nodal quasiparticles
that are responsible for the unconventional low-energy
excitation spectra®!?. The doping of holes into the oxy-
gen 2p-orbitals in the CuOg planes is known to incur
spin fluctuations in the cuprates due to the frustration
of nearest-neighbor antiferromagnetic Cu?t-Cu?* corre-
lation, and the existence of spin fluctuations has been
suggested as relevant to the d,»_,»-wave pairing in the
cuprates®. The antiferromagnetic correlation has also
motivated the RVB scenario that could lead to spin-
charge separation and the marginal Fermi-liquid (MFL)
electronic behavior'! in the normal state. However, to
date there has been no direct evidence for spin-charge
separation in the cuprates.

The existence of dg2_,2-wave pairing and antiferro-
magnetic correlation is also believed to be responsible
for the unusual response of p-type cuprates to quantum
impurities'? 16, That is, the substitution of Cu?* by
non-magnetic impurities (such as Li*, Zn?*, Mg?* and

A13+) in the CuO4 planes of BisSraCaCus Oy and YBCO
systems has revealed stronger pair-breaking effects than
the magnetic impurities (such as Ni?*),1728 in sharp con-
trast to the insensitivity of conventional superconductors
to non-magnetic impurities?®3°. In light of the uncon-
ventional response to static magnetic and non-magnetic
impurities and in search of possible evidence for spin-
charge separation in the cuprates®!, a feasible experi-
mental approach is to compare the spin and charge trans-
port in the cuprate superconductors. Such investigation
may be conducted by comparing the cuprate response to
externally injected simple and spin-polarized quasipar-
ticles, and the physical description for the experimen-
tal phenomena would involve concepts of nonequilibrium
superconductivity>?.

Nonequilibrium superconductivity and its associated
phenomena have been studied extensively since the
1970’s,%% and the primary focus of the research has been
on the effects of either simple (i.e., spin-degenerate)
quasiparticle injection*3® or photon-induced Cooper-
pair breaking and quasiparticle redistribution3®4® in
conventional s-wave superconductors. The nonequi-
librium effects have yielded observation of both
enhancement®® ™3 and suppression® 3845 of supercon-
ductivity. In the rarely studied case of injection of
spin-polarized quasiparticles, two primary effects on the
suppression of superconductivity must be considered?6.
One is associated with the resulting excess magnetic mo-
ments that break the time-reversal symmetry in singlet
superconductors?”. The other is the excess momentum



and the nonequilibrium quasiparticle distribution that
modify the energy spectrum of the superconductor3?33,
In the absence of significant scattering by either mag-
netic impurities or spin-orbit coupling, the transport
lifetime of spin polarized quasiparticles is expected to
be much longer than that of simple quasiparticles due
to the low probability of pair recombination with other
quasiparticles?®. However, the complexity of the com-
bined effects aforementioned has limited theoretical de-
velopment at the microscopic level for spin-polarized
quasiparticle transport in superconductors.

Spin injection into superconductors can be accom-
plished by passing electrical currents through a ferromag-
net before the tunneling across a thin insulating barrier
into a superconductor?®%9. In recent years, the injec-
tion of spin-polarized current in perovskite ferromagnet-
insulator-superconductor (F-I-S) heterostructures has at-
tracted significant experimental interest®®54. This tech-
nique utilizes the excellent lattice match among various
perovskite materials for epitaxial film growth®2 of the
heterostructures, and also takes advantage of the half-
metallic ferromagnetism of perovskite manganites®® 9
that yield much better spin polarization than typical
metallic ferromagnets. Thus, investigating the character-
istic spin and charge relaxation and transport processes
in the perovskite F-I-S and N-I-S devices can be a unique
vehicle for probing nonequilibrium superconductivity and
possibly the pairing mechanism in the cuprates. In-
deed, strong suppression of the superconducting crit-
ical current has been observed in cuprate supercon-
ductors by injecting currents from the underlying half-
metallic ferromagnetic manganite films®® 5360, In our re-
cent publication®253, possible complications due to Joule
heating incurred from large injection currents through
the resistive insulator and ferromagnet layers were mini-
mized by employing a pulsed current technique®?°3. The
resulting experimental data reveal insignificant effects of
simple quasiparticle injection in the control samples of
perovskite non-magnetic metal-insulator-superconductor
(N-I-S) heterostructures, whereas F-I-S samples with
comparable geometry exhibit strong suppression of crit-
ical currents and significant modification to the quasi-
particle density of states (DOS).?>%* Consequently, the
experimental findings are attributed to the dynamic
pair-breaking effects of spin-polarized quasiparticles as
a result of excess magnetic moments and quasiparticle
redistribution®? 54,

Despite a significant number of experimental reports
that are supportive of the effects of spin-injection in
cuprates, many important issues are yet to be resolved.
Experimentally, determining the magnitude and temper-
ature dependence of the spin relaxation length and time
has proven to be elusive. Theoretically, microscopic in-
teractions of externally injected spin-polarized quasipar-
ticles with the Cooper pairs and existing quasiparticles
in cuprate superconductors remain unknown. Nonethe-
less, the intrinsic anisotropy in the cuprate superconduct-
ing order parameter due to the predominant d,z_,2-wave

pairing symmetry?®61763 and the weakly interacting-

layered structure®® are expected to be relevant to the spin
and charge transport. For instance, the in-plane simple
quasiparticle recombination time 7z in DyBasCusO7_s
is found to be significantly longer (7 ~ 107% ~ 107°
s) than the typical values (1p ~ 107 ~ 1077 s) in
conventional superconductors. This phenomenon is at-
tributed to the tendency of simple quasiparticles re-
laxing towards the zeros of the superconducting gap
and also to the reduced scattering rate of nodal quasi-
particles by phonons®®. In addition to the interaction
with nodal quasiparticles, quasi-static injection of spin-
polarized quasiparticles into the cuprates can suppress
the antiferromagnetic correlation in the CuOs planes,
which may result in significant and long-range effects on
the cuprate superconductivity, similar to the strong in-
fluence of non-magnetic quantum impurities in the CuO4

planes'®.

In this report, we extend our previous studies of
nonequilibrium superconductivity by quantifying various
characteristics of spin injection in F-I-S with a range of
thickness for the superconducting layer. Studies of N-I-S
partner heterostructures are also included as controls. By
comparing the degree of critical current suppression AJ,
in the presence of external injection at different YBCO
thickness, we are able to infer a rapidly increasing c-axis
spin relaxation length near T, in F-I-S, while no such
divergence exists in the N-I-S samples. Furthermore, an
empirically defined efficiency (7, which measures the sup-
pression of critical currents due to injected quasiparti-
cles), is studied in detail for both F-I-S and N-I-S sys-
tems. We find that the efficiency in F-I-S is strongly
dependent on temperature and exhibits non-monotonic
dependence on the injection current density (Ji;). In
contrast, the efficiency in N-I-S is smaller than that in
F-1-S for all temperatures and is monotonic with Ji,;.
These results suggest that spin-polarized quasiparticles
exert strong effects on suppressing the cuprate super-
conductivity, probably due to their strong influence on
the short-range Cu?*-Cu?t antiferromagnetic coupling
and the intimate correlation of superconductivity with
the background antiferromagnetism. We also critically
examine several alternative scenarios attempting to ac-
count for the experimental findings without invoking the
effects of spin injection, and find that these alternative
scenarios are neither compatible with empirical facts nor
consistent with any established theory of nonequilibrium
superconductivity. Finally, we remark that our work
is primarily concerned with the spin and charge trans-
port properties inside the superconducting cuprates af-
ter quasiparticle transmission across the interfaces of the
heterostructures. For in-depth consideration of quasi-
particle transport across the interface of unconventional
superconductors with various types of metals and for dif-
ferent crystalline axes, the readers may refer to other the-
oretical studies®®"! and experimental investigation”73.

This paper is structured as follows. In Sec. II the sam-
ple fabrication and characterization together with the ex-



perimental methods are described. The results derived
from our experiments are given in Sec. III, with detailed
analysis presented in Sec. IV. A critical examination of
several alternative scenarios is given in Sec. V. Finally,
Sec. VI summarizes our findings and the physical impli-
cations of the results.

II. EXPERIMENTAL

The c-axis-oriented tri-layer F(N)-I-S heterostructures
used in this work contained YBasCusO7_s (YBCO) as
the superconductor, SrTiOz (STO) as the insulator,
La0_7Sr0.3MnOg (LSMO) or La0,7Ca0_3Mn03 (LCMO) as
the ferromagnet, and LaNiOs (LNO) as the nonmagnetic
metal. A number of devices were studied with different
thicknesses of the constituent layers, and for the F-I-S de-
vices, the choice of either LSMO or LCMO did not yield
any discernible differences®®. The thickness of YBCO
ranged from 40 nm to 160 nm, of LSMO or LCMO and
of LNO was kept constant at 100 nm, and of STO was
either 2 nm or 3.5 nm. The samples were fabricated us-
ing the pulsed laser deposition technique on (6 mm x
6 mm) LaAlO3 (LAO) substrates, with either LSMO or
LNO as the lower layer and YBCO as the top layer, and
the insulator buffering in between. Details of the fab-
rication condition have been given elsewhere®”8. The
close lattice match among the constituent layers of the
perovskite F-I-S and the substrates facilitated epitaxial
film growth®?, thus minimizing strong spin-flip scattering
at the interface and preserving spin polarization during
injection. For electrical contact, each of the YBCO and
STO (LNO) layers had four gold pads placed on top us-
ing sputtering deposition. The compositional quality of
these heterostructures were examined using X-ray photo-
electron spectroscopy (XPS)®2. To ensure no discernible
reaction between layers during the growth process, XPS
studies of bi-layers of YBCO/STO and STO/LSMO on
LAO were monitored and the absence of reaction within
~ 0.1 atomic percent for at least the top 10 nm of the
YBCO layer was confirmed.

To further verify the quality of samples, electrical
transport measurements were performed on both the su-
perconducting and ferromagnetic layers to determine the
normal-state resistivity p, and the transition tempera-
tures T. and Toyrie- In addition, scanning tunneling
spectroscopy was also performed on the YBCO layer of
the F-I-S and N-I-S samples, and the superconducting
gap value was found to be consistent with that of the
optimally doped YBCO single crystals®®°4. The LAO
substrate was chosen because it had been demonstrated
to be the substrate that yielded minimum lattice strain
and the best magnetization alignment for the thin-film
growth of manganites®”°%7. Our characterizations re-
vealed that the resistivity of each constituent layer of
the heterostructures and the Curie temperature (Tyrie)
of the ferromagnetic manganites were all comparable to
those of the corresponding single crystalline materials®?.

Since the resistivity of the manganite is known to cou-
ple strongly to the magnetic properties and therefore is a
characterization for the quality of the manganite, a man-
ganite layer with resistivity comparable to that of a single
crystal implies large and relatively well aligned ferromag-
netic domains®” %97, We also note that the temperature
dependence of the resistivity in the manganite layer al-
ways exhibited either a maximum or a distinct change
in slope near Teyrie (~ 260 K for LCMO and ~ 320 K
for LSMO) which was characteristic of high-quality fer-
romagnetic manganites®”*%75. On the other hand, the
superconducting transition temperature (7i.) of YBCO
varied somewhat among devices, ranging from 84 to 90
K, with no apparent correlation with the YBCO thick-
ness. We attribute the T, variation to uncertainties in
the substrate temperature during the thin film growth.
Due to the variation in T, the temperature dependence
of various physical quantities of YBCO shall be consid-
ered in reduced temperature (7'/7,) rather than absolute
temperature T'.

The critical current (I.) measurements of the YBCO
were made with the pulsed current technique, which syn-
chronized two pulsed current generators that supplied a
measurement current through YBCO and an injection
current through the metallic underlayer, reference to a
common ground, as illustrated in Fig. 1(a). The ad-
vantage of this method was to eliminate undesired Joule
heating on the YBCO from power dissipation in the event
when high current levels (< 300 mA) passed through the
electrical contacts and the resistive metallic underlayer.
A 1:1000 ratio of the pulsed current width (¢,,) to period
(tp) was chosen, which yielded a negligible temperature
increase (< 10 mK) in the YBCO during maximum cur-
rent injection, monitored with in-situ thermometry using
the resistivity of the manganite. The pulse width used
for this work was ¢,, = 300us. Also shown in Fig. 1(a) is
a schematic illustration of the dimension of the as-grown
heterostructures and the positions of the electrodes. The
lateral dimension of the LSMO or LNO was (6 x 6) mm?,
and that of the YBCO layer was (6 x 2) mm?.

In addition to the as-grown heterostructures described
above, we also attempted measurements on two sets of F-
I-S devices with much smaller lateral dimensions for the
YBCO layer, (including 100 x 100 gm?, 10 x 100 pum?,
5 x 100 pm?, 2 x 100 pym? and 1 x 100 pm?), which
were patterned using photolithography and ion milling
techniques. The first set of F-I-S devices were made on
YBCO/STO/LSMO of thicknesses 100nm/2nm/100nm.
The second set were on similar samples of thicknesses
100nm/3.5nm/150nm. We found that the normal-state
YBCO layer of the patterned F-I-S samples generally ex-
hibited larger resistivity, by a factor of 2 to 3, than those
of single crystals and as-grown heterostructures, suggest-
ing some deterioration of the bulk sample quality after
device processing. In particular, among the various lat-
eral widths of YBCO in the patterned F-I-S devices, no
superconducting transition was observed for the 2 pum
and 1 pm devices, although they were electrically contin-



uous. It is therefore reasonable to infer that the damage
to the edge of the YBCO layer due to the patterning pro-
cess extended over a width on the order of a few microns.
This damaged region was comparable to the experimen-
tally estimated transfer length of ~ 1.8 yum for the first
set of F-I-S and ~ 3.5 um for the second set, where the
transfer length”®"® is a measure of the characteristic re-
gion in length that the injected current transfers from
the underlying layer into the YBCO superconductor.

Thus, the degree of spin polarization for the injected
currents in the patterned F-I-S devices might have been
much weakened because of strong magnetic impurity
scattering within the damaged region at the interface.
Furthermore, the YBCO layer of the patterned F-I-S de-
vices exhibited a gradual degradation in both 7. and
Jeo after each thermal cycling, together with sporadic
superficial discoloration after large external current in-
jection. Similar attempts on patterning N-I-S devices
yielded even worse results, with severe degradation to
the samples so that the YBCO layer was either only
superconducting below 20 K or not superconducting at
all down to 4.2 K. Hence, it is difficult to draw reliable
conclusions from data taken on these patterned devices,
pending further improvements on device processing to
achieve better sample quality and robustness.

In Fig. 1(b), generic I-V curves of an F-I-S heterostruc-
ture with zero and a finite injection current are shown.
The curve symmetric about the zero-current axis cor-
responds to the I-V data in the presence of no current
injection. For a given temperature, we define the cur-
rent values that drive the YBCO superconductor to reg-
ister +3 uV and —3 pV across its voltage terminals (~ 3
mm apart) as the critical currents I} and I, respec-
tively. The second curve to the left shows a shifted I-V
curve because of an external injection current I;,; that
increases the total current passing through the supercon-
ductor. This effect is present for the injection of both
simple and spin-polarized quasiparticles. The observed
narrowing of the gap in between the I} and I val-
ues with increasing I;y; is the result of critical current
suppression due the apparent deterioration of supercon-
ductivity from the external perturbation. Therefore, the
critical current under quasiparticle injection is defined as
I. = (I} —1.)/2, and that in the absence of quasiparticle
injection is I.o(T"). The magnitude of the shift in the I-V
is related to the amount of current entering the super-
conductor from the underlayer current injection and is
hereafter defined as I;,;. Such shifts are always present
under external injection, as exemplified in Figs. 1(b) and
(c) for F-I-S and N-I-S samples with comparable thick-
nesses of YBCO and similar reduced temperatures. The
critical current density J. and the injection current den-
sity Jin; are obtained by dividing the corresponding cur-
rents by the cross-section of the superconductor. We note
in Figs. 1(b) and (c) that suppression in J,. is much more
significant in the F-I-S sample. Additional I-V curves for
F-I-S heterostructures at other reduced temperatures and
for a range of injection currents are shown in Figs. 2(a)
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FIG. 1: (a) Block diagram of the pulsed-current measurement
setup. (b) Representative current-voltage (I-V) characteris-
tics of an F-I-S sample at (T'/T.) = 0.46, showing a signifi-
cant left shift of the I-V curve and a substantial suppression
of J. upon injection of currents from a ferromagnetic layer.
(c) Representative I-V characteristics of an N-I-S sample at
(T'/T.) = 0.4, showing a much smaller left shift of the I-V
curve and much weaker suppression of J. than those in the
F-I-S samples upon injection of comparable currents from a
non-magnetic layer.
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FIG. 2: Representative I-V characteristics of F-I-S samples
with YBCO thickness of (a) 40nm at (T/T.) = 0.46 and (b)
160nm at (T'/T.) = 0.33 for a range of injection currents.
This illustrates the significant J. suppression observed in the
thin YBCO heterostructure (a).

and (b) for further comparison.

Besides the effect of injection currents on J., we have
also reported previously®? that the low-temperature crit-
ical current density J.o in the absence of injection is sen-
sitive to the thickness of the insulator barrier of the F-
I-S heterostructures, with systematically increasing J.q
for samples with thicker insulating barriers and other-
wise identical lateral dimensions. Similar finding has also
been confirmed in our patterned F-I-S devices. Further-
more, the J.o values of N-I-S samples at low temperatures
were larger than the corresponding J.g of F-I-S samples
with the same lateral dimensions and barrier thickness.
Such a systematic dependence has ruled out the possibil-
ity that self-field induced edge-vortex dissipation might
have been the primary cause of J.y suppression with de-
creasing insulating barrier, and has been attributed to a
“self-injection” phenomenon®?7°.

It is worth noting that the pulsed-current setup em-

ployed in our experiment involved the use of pulsed-
voltage generators, which linked sources with output
impedances comparable to the relevant resistance in the
measurement circuit. This setup therefore resulted in a
finite, but small, leakage current flow through the pulse
generator upon the introduction of injection current from
the underlayer. However, simple circuit analysis and di-
rect calibration had indicated that the leakage current
was less than 10% of the total injected current for all
measurements. In principle, decoupled current paths can
be achieved with smaller and lithographically defined de-
vices and with the use of high output-impedance current
sources. Indeed we have made and studied several F-I-
S devices with smaller lateral dimensions, ranging from
100 pm to 1 pym. However, due to the aforementioned is-
sues with sample quality and edge damage, experimental
results obtained on these patterned F-I-S devices were
not conclusive. Hence, we shall concentrate on the ex-
perimental studies of the larger as-grown devices in this
report, and only return to some of the results obtained on
the patterned devices in Sec. V to address issues concern-
ing alternative hypotheses for the suppression of critical
currents in F-I-S heterostructures.
A useful definition for experimental characterization of
our devices, in normalized current densities, is given by
AJ(T, Jing) _ [Jeo(T) = Je(T, Jing)]

Ta Jzn i) = =

» (1)

where 7 is defined as the efficiency of quasiparticle injec-
tion that relates the magnitude of critical current sup-
pression to a given amount of injection current. The
temperature and injection current dependence of the ef-
ficiency for the F-I-S and N-I-S heterostructures with the
same YBCO thickness can provide insightful comparison
for the spin and charge transport in the cuprate super-
conductors.

In addition to the dependence of critical currents on
Jinj and (T/T,), we have investigated F-I-S and N-I-S
samples with difference thicknesses of YBCO in order to
deduce viable information for a characteristic spin relax-
ation length (J5). A number of F-I-S devices with differ-
ent YBCO thicknesses (d = 40 nm, 50 nm, 100 nm and
160 nm) together with their corresponding N-I-S con-
trol samples (d = 50 nm and 100 nm) have been fabri-
cated and studied. We note that the .J.o values at 4.2 K
were not a monotonic function of d, with J.o = 5.8 x 10*
A/em? for d = 40 nm, 5.2 x 10* A/cm? for d = 50 nm,
7.0 x 10* A/em? for d = 100 nm, and 1.5 x 10* A /cm? for
d = 160 nm. Detailed current-injection effects on these
F-I-S and N-I-S samples are described in the following
section.

III. RESULTS

The critical current density (J.) provides a macro-
scopic measure that empirically characterizes the effect
of quasiparticle injection on superconductivity. Given a



constant thickness of the insulating barrier and the same
lateral dimensions of the superconductor, J. is deter-
mined by the temperature ('), the injection current den-
sity (Jinj), the characteristic sample dimension (d) along
the direction of quasiparticle injection, and the micro-
scopic mechanism for quasiparticle transport across the
interface and interaction in the superconductor. The de-
pendence of J. on the YBCO thickness is the result of
a finite quasiparticle relaxation length along the c-axis
of the superconductor if all other parameters are kept
the same. Through this dependence, we can estimate
the c-axis spin-polarized and simple quasiparticle relax-
ation lengths by studying F-I-S and N-I-S with a range of
different YBCO thickness. Two sets of representative J.-
vs.-Jin; isotherms taken on F-I-S heterostructures with
d = 40 and 160 nm are shown in Figs. 3(a) and (b),
respectively. We found that nearly full suppression of
critical current could be achieved at lower reduced tem-
peratures in the F-I-S with a thinner (40 nm) YBCO than
that with a thicker (160 nm) YBCO F-I-S heterostruc-
ture, with the latter only beginning to exhibit discernible
suppression due to current injection above the reduced
temperature > 0.97. This result is consistent with the
notion of a finite c-axis spin-polarized quasiparticle relax-
ation length. That is, the manifestation of nearly com-
plete critical current suppression should correlate closely
with a c-axis spin relaxation length 6¢(T) approaching
the YBCO thickness (d). Thus, we expect spin-polarized
quasiparticles to survive throughout nearly the entire
thickness of YBCO when strong J. suppression is ob-
served. Under this premise, studies of the J.-vs.-Jip;
isotherms for F-I-S samples with different YBCO thick-
nesses can provide a viable measure for the temperature
dependence of the c-axis spin relaxation length. In con-
trast, the relative ratio of critical current suppression by
a finite J;,; at a given (T/T,) was appreciably smaller
in the N-I-S samples, as shown in Refs.®>®3 where no
discernible J. suppression could be detected in an N-I-S
sample with a YBCO thickness d = 100 nm.

To estimate the c-axis spin relaxation length 6¢(7T) in
YBCO, we empirically related the YBCO thickness d
of each F-I-S heterostructure to a characteristic reduced
temperature [T*(d)/T.] at which (J./Je0) < 0.1 is satis-
fied under a constant J,;. This assignment was based
on the assumption that the observation of strong sup-
pression in J. corresponded to the condition 6 — d for
(T/T.) — [T*(d)/T.], provided that the lateral dimen-
sions of all samples were kept identical. Similar criterion
could be applied to the N-I-S samples to define the c-axis
charge relaxation length dg. The correlation of (7 /T;)
with the corresponding thickness (d) of the F-I-S het-
erostructure is shown in Fig. 4, suggesting a character-
istic length ¢ (~ d for (T'/T.) — (T*/T.)) increased
rapidly near T.. The diverging characteristic length was
attributed to a vanishing superconducting gap near 7,,32
and was only detectable in the F-I-S heterostructures.
We further remark that the diverging behavior in F-I-
S samples was unlikely the result of any extrinsic effect
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FIG. 3: Jc-vs.-Jip; isotherms of (a) an F-I-S sample with
YBCO thickness d = 40 nm and J.o = 5.8 x 10* A/cm2 at
4.2 K; (b) an F-I-S sample with YBCO thickness d = 160 nm
and Je = 1.5 x 10* A/cm? at 4.2 K.

such as systematically varying quality of YBCO with its
thickness for the following reasons. All F-I-S samples
had comparable T, while their J.o values at 4.2 K were
not monotonic with increasing film thickness, with mini-
mum J.o ~ 1.5 x 10* A/ecm? associated with the sample
of maximum thickness d = 160 nm. Furthermore, in
contrast to the observation in F-I-S samples, no obvious
crossover temperature T could be found in N-I-S sam-
ples for rapid decrease of J. with J;,;. Thus, the occur-
rence of strong injection-induced superconductivity sup-
pression (with J, <~ 0.1J.) at larger values of (T™*/T,)
for thicker F-I-S samples could not be ascribed to the
result of better superconductivity in thicker YBCO.
The contrast in the temperature dependence of ¢ and
of 5&2 for the F-I-S and N-I-S samples could be attributed
to the significantly longer lifetime of spin-polarized quasi-
particles relative to that of simple quasiparticles®345, so
that the injection of simple quasiparticles did not result
in complete suppression of J, in N-I-S samples for all
temperatures of our studies. In other words, the condi-
tion Jo (T, Jin;) <~ 0.1Jco(T) could not be realized in the
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FIG. 4: Characteristic c-axis spin relaxation length 5 as a
function of reduced temperature (7'/T.) for the F-I-S het-
erostructures.

N-I-S samples within our experimental resolution,??*3 so

that the charge relaxation length 55 appeared to be al-
ways smaller than d for all temperatures of our study. We
shall discuss this phenomenon and the contrast between
F-I-S and N-I-S samples more quantitatively in Sec. IV.

In addition to the strong dependence of the J.-vs.-Jiy,;
behavior on the thickness of F-I-S heterostructures, we
also compared the efficiencies 7(T, Jin;) in F-I-S and N-
I-S samples, which were considered to better quantify
the suppression of J. due to nonequilibrium quasiparti-
cle injection. Our definition of the efficiency in Eq. (1)
is equivalent to the definition of a “gain” in the de-
vices by others®®®!.  As shown in Figs. 5(a) and (b),
a distinct contrast was observed between the isotherms
of the efficiency in F-I-S (ns) and those in N-I-S (n,)
devices as a function of J;,;. In general, n, in F-I-S
was significantly larger than the corresponding 7, in N-
I-S for all reduced temperatures. Evidently, an anoma-
lous strong decrease in 7, with increasing J;,; was found
only in F-I-S samples at low temperatures. Furthermore,
for reduced temperatures 0.16 < (T/T,) < 0.31 in F-I-
S, ns exhibited a non-monotonic dependence with J;;,
and then became monotonically increasing with Jj,; for
0.31 < (T/T:) < 1. Interestingly, we note that at low
spin-polarized quasiparticle injections, the “gain” was ac-
tually greater than unity. In contrast, 7, for the control
N-I-S devices appeared to increase monotonically with
Jin; at all temperatures, and the magnitude of 1, was
always much smaller than unity.

IV. ANALYSIS

The seemingly surprising contrast between the F-I-
S and N-I-S samples may be understood in the con-
text of different quasiparticle relaxation mechanisms and
nonequilibrium quasiparticle distributions. Generally
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FIG. 5: (a) Efficiency ns-vs.-Jin; isotherms of an F-I-S sample
with YBCO thickness d = 40 nm. Inset: Simulated results
using Eq. (8). (b) Efficiency 1,-vs.-Jin; isotherms of an N-I-S
sample with YBCO thickness d = 50 nm. Inset: Simulated
results using Eq. (3).

speaking, an adequate description for nonequilibrium su-
perconductivity must involve consideration of the quasi-
particle energy FEyx and the quasiparticle distribution
function fy in the superconductor, where k denotes the
quasiparticle momentum. In principle, an explicit expres-
sion for Fy can be obtained by solving the Bogoliubov-de
Gennes equations280, provided that the exact Hamil-
tonian H for the superconductor is known. In ther-
modynamic equilibrium, the quasiparticle energy asso-
ciated with the unperturbed Hamiltonian Hg is Eyxg =
(A + €2)1/2, where & (= e — eF) is the single parti-
cle energy ek relative to the Fermi level ep, and Ay is
the pairing potential®8°. For an s-wave superconductor
Ay is a constant, whereas for a pure d,2_,2-pairing su-
perconductor, Ax ~ Agcos 260y, and 0 is an angle mea-
sured from one of the antinodes of the order parameter
in momentum space’2. The injection of external quasi-
particles is expected to interact with the superconductor
through an interaction Hamiltonian H; and to modify



the quasiparticle energy and the distribution of quasipar-
ticle states through the total Hamiltonian H = Hg + Hj,
provided that the perturbative approximation is valid. In
the absence of available theory for nonequilibrium quasi-
particle distributions in a strongly correlated d-wave su-
perconductor, we consider in the following analyses of
our data based on conventional theory of nonequilibrium
superconductivity, and discuss the implication of results
thus derived from F-I-S and N-I-S samples.

Consider a simple case where a uniform supercurrent
with a velocity 7, = J,/(nse) exists in the superconduc-
tor. The finite momentum associated with the supercur-
rent J, is found to change the quasiparticle energy FEy,

and the distribution function fi,, as follows3?:

FExn = Fxo+ hkp -vs,/m* = Exo +6E;,
Jxn = {1+ exp[Exn/(ksT)]}, (2)

where kp is the quasiparticle momentum at the Fermi
level. Using the d,2_,2-wave pairing potential in opti-
mally doped YBCO with A; ~ 30 meV,5%3 and the
single particle energies ey derived from the tight-binding
band structure calculations®! with parameters tabulated
in Table I, we find that Eyo > [0F;| is satisfied for typ-
ical supercurrents (J. = 10* ~ 10°> A/cm? for T < T,.)
sustainable in the YBCO superconducting layers. Thus,
we expect fin ~ 0.

In the event that a quasiparticle current Ji,; is ex-
ternally injected into a superconductor that already car-
ries a supercurrent, the situation becomes more complex
because the externally injected quasiparticles must re-
distribute themselves among available states that obey
the Pauli exclusion principle for fermions, and the re-
distribution must involve inelastic and elastic scattering
processes. Therefore the injected quasiparticle momenta
relative to the supercurrent direction and the lattice mo-
menta are not well defined due to the involvement of
scattering processes3?, and it is not uncommon that a
current-carrying superconductor with an initial supercur-
rent J; can remain superconducting under an external
injection current J;,; such that the sum of J;,; and J
exceeds the critical current J,o of the superconductor3?,
as exemplified in Figs. 1(b) and 2(a). Nonetheless, we
find that the simple sum of the maximum injection cur-
rent density and the supercurrent density still yields
max|fikp - (J, + j;nj)/(nse)] < Eyo at low temperatures.
Thus, the excess momentum due to external quasiparticle
injection is insufficient to yield significant redistribution
of quasiparticles. For N-I-S samples with relatively thin
YBCO, the small yet monotonically increasing AJ. with
increasing J;n; and increasing T (see Fig. 5(b)) should be
attributed primarily to the increasing normal fluid den-
sity and the suppression of the superconducting phase
stiffness.

More specifically, the efficiency associated with simple
quasiparticle injection in the N-I-S samples may be given

Parameter Value Comment
Ay 30 meV Eq. (2), (4
Er 0.51 eV
t 0.18 eV
t 50 meV Eq. (4); Ref.”!
y 1.02
vp 2 x 10° m/s° Eq. (10)
Iy© ~1 nm Eq. (10)

TABLE I: The values and references of various physical pa-
rameters used in computing ns and D{ are tabulated. Here ¢
and t' are the nearest and next-nearest neighbor interaction
integrals in the two-dimensional tight-binding model for the
normal state energy bandstructure &5 of the CuOs plane®'.

by the following phenomenological expression:
1
I = FO Z(l - kan)cn (T)g(Jzn]) ~ Cn(T)g(Jinj)y (3)
k

where Ny denotes the total number of quasiparti-
cle states, ¢,(T) is associated with the temperature-
dependent fraction of the normal fluid and is a monotonic
function of T', g(J;r,;) reflects the weakening of the super-
conducting phase stiffness under increasing J;,; and is a
monotonic function of J;,;, and the quantity (1 — 2f%,)
ensures no double occupancy of the quasiparticle states.
However, we have found f, =~ 0 for the entire range of T'
and Jy,; of our interest, so that NO_1 Yol —2fin) = 1.
Empirically, we find that ¢,(T) ~ {1 — [1 — (T/T.)]"}
where 0.5 < v < 0.9 and g(Jin;) ~ (Jin;)®%°. The simu-
lated example of 7,,-vs.-J;,; isotherms using Eq. (3) and
the values v =~ 0.6 and a ~ 0.85 are shown in the inset
of Fig. 5(b) for comparison with the experimental data.

In contrast, significantly different response of the
cuprate superconductors to the injection of spin-
polarized quasiparticles is expected because of their rela-
tively longer lifetime and their strong effects on suppress-
ing the Cu?t-Cu?t antiferromagnetic correlation. Al-
though we do not know the exact interaction Hamiltonian
for the spin-polarized quasiparticles in the cuprate super-
conductors and therefore cannot obtain the quasiparticle
energy Fyg, it seems informative to estimate the approx-
imate quasiparticle energy by applying conventional the-
ory for nonequilibrium quasiparticle distribution under
charged particle injection to the cuprate superconduc-
tors. That is, we assume the validity of perturbative ap-
proximation as manfested by an effective chemical poten-
tial shift ;* in the single particle energy &.323437 Noting
that J. is obtained by identifying the onset of dissipa-
tion where the maximum magnitude of the d2_,2-wave
superconducting gap has been driven to a small value,
we consider the situation similar to that for a gapless
superconductor®®. Thus, the quasiparticle energy under



spin injection may be approximated by:
Eks = [(gk - N*)Q + Ai]l/Za
* A7
%Ifk*ul[ler ; (4)

where Ay < €k — p*], and the corresponding quasipar-
ticle distribution function becomes

Jies (T Jinj) = 1/{1 + exp|Exs /(kpT)]}- (5)

The chemical potential shift per quasiparticle pu* due
to spin injection must satisfy the conditions pu* — 0
for Jin; — 0 and p* — constant = uf, for large Jip;
and low temperatures, where g, is a constant. There-
fore a reasonable approximation for p* can be given by
= pugo tanh(ci Jin; /kpT), and the physical significance
of the functional form tanh(cqJ,;/kpgT) is consistent
with the average spin polarization (P) per quasiparticle
in the superconductor. Here ¢1Jin; = pupluo({(ms)P/Q)]
is associated with the effective field energy, (m;) denotes
the excess magnetic moments in the superconductor due
to spin injection, pp is the Bohr magneton, pg is the vac-
uum permeability, and 2 = Ad is the superconducting
volume. In the absence of a known interaction Hamilto-
nian, ug, and c; are positive quantities to be determined
empirically. On the other hand, simple dimensional anal-
ysis yields

(ms) = (uB/e)linjTs = (uB/€)(JinjATs),  (6)

where 75 is the spin dephasing time.

Anticipating suppression in the critical current density
due to the presence of excess magnetic moments, we may
related AJ, to the effective magnetization ({(ms)P/Q) ad-
justed by the available quasiparticle states. That is,

AJ, = (Jco - Jc) o8 Zk(l - kas)(<m5>P/Q),
0.8 Zk(l — 2fk:s)Jinj tanh(clij/kBT), (7)

where the effective magnetization ({ms)P/$) takes the
form of the Brillouin function for a spin-1/2 system, and
the quantity (1 — 2fys) ensures no double occupancy in
the quasiparticle states. As a result, 7, becomes:

1
Ns = AJC/JMJ ~ FO Z(l — 2fks) tanh(clij/kBT),

k

(8)
Strictly speaking, the quantity (1—2fs) in Eq. (8) should
have been written as (1 — f; — f|), where the T spin
polarization corresponds to that parallel to the effective
magnetic field induced by the excess magnetic moments.
However, the effective field can be shown to be very small,
as discussed in Sec. V. Consequently, we find (1 — f; —
)~ (1-2f).

Following the analysis outlined above and inserting the
relevant experimental parameters as tabulated in Table
I into Eq. (8), we obtained results similar to the exper-
imental findings for the F-I-S sample with the thinnest
YBCO in which the effects of spin injection were fully

realized over a wide temperature range, as shown in the
inset of Fig. 5(a). However, a quantitative agreement
with the experimental data for the thinnest F-I-S sam-
ple could only be achieved by invoking a large chemi-
cal potential shift g, associated with fis, so that p*
varied from ~ 700 meV at T <« T, to ~ 45 meV at
T — T.. These values are unusually large, compara-
ble to the bandstructure parameters. Interestingly, the
empirical value ug, for T' < T, is comparable to 4J.,
in the YBCO system, where J., is the nearest neigh-
bor antiferromagnetic coupling constant, and the factor
of 4 corresponds to the number of nearest neighbors in
the square lattice of the CuOy plane. While these large
values of uf,(T) are likely unphysical and should not be
taken literally because of the questionable validity of ap-
plying conventional theory to cuprate superconductivity,
the following conclusions may be drawn from our anal-
yses. First, the large magnitude of pf, found only in
F-I-S implies strong effects of spin injection on cuprate
superconductors, as opposed to the negligible change in
the chemical potential of N-I-S samples under current
injection. Second, the large pf, values in F-I-S suggest
the breakdown of conventional perturbative approxima-
tion to the interaction Hamiltonian of nonequilibrium su-
perconductors. That is, a valid perturbative approxima-
tion would have yielded a small chemical potential shift
relative to the relevant bandstructure parameters in the
single-particle energy £x. That the chemical potential
shift derived from perturbative approximation turned out
to be comparable to the bandstructure parameters is sug-
gestive of strong interaction effects associated with spin-
polarized quasiparticles in cuprate superconductors.

Despite the uncertainty in the magnitude of the chem-
ical potential, the temperature dependence of p* is di-
rectly related to that of the effective magnetization, and
therefore can provide information for the spin relaxation
process. In particular, for the F-I-S sample with the
thinnest YBCO layer (d = 40 nm), the spin injection
effects were already realized at low temperatures, sug-
gesting that the c-axis spin relaxation length was either
comparable to or exceeding the sample thickness over
most temperatures of our investigation. Hence, the tem-
perature evolution of the spin-dependent information de-
duced from those data may be considered to be primarily
associated with that of the in-plane spin relaxation. In
contrast, measurements on F-I-S samples with thicker
YBCO contained convoluted information for both the
c-axis and in-plane spin relaxation processes over most
temperatures except near 7., and therefore could not
be used to infer direct information associated with the
in-plane spin relaxation. Thus, the empirically deter-
mined coefficient ¢;(T) in Eq. (8) for the F-I-S sam-
ple with d = 40 nm could be approximately related
to an effective in-plane spin relaxation time 75(7) by
c1(T) = pop7s/(ed), and we find that 75(7') ranges from
~107*satT < T.to~10%sat T — T, . Such a
long characteristic time scale is comparable to the spin-
spin relaxation time obtained from the nuclear quadruple



resonance (NQR) experiments®?, and is approximately
one-to-two orders of magnitude longer than the in-plane
simple quasiparticle recombination time determined from
measurements of photo-induced activation of microwave
absorption%.

The above phenomenological analyses suggest that the
injection of spin-polarized quasiparticles in YBCO ap-
peared to exert strong influence on the microscopic quasi-
particle energy and density of states (DOS), probably
through exchange interaction with the short-range Cu?*-
Cu?* antiferromagnetic correlation. Furthermore, the
slower relaxation of spin-polarized quasiparticles rela-
tive to the already long recombination time of simple
quasiparticles® appeared reasonable because of the fur-
ther reduced probability of quasiparticle recombination
before excess spin polarization can be relaxed. It is
also interesting to compare the transport data presented
here with our scanning tunneling spectroscopic studies
of YBCO in the F-I-S and N-I-S heterostructures that
revealed significantly modified quasiparticle DOS at 4.2
K under spin injection and no discernible changes under
simple quasiparticle injection®®. The spectroscopic stud-
ies are not only supportive for our finding of significantly
longer relaxation time of spin-polarized quasiparticles rel-
ative to that of simple quasiparticles, but also suggestive
of direct influence of spin injection on the microscopic
states of the cuprates.

Next, we consider the appearance of a diverging spin
relaxation length near T.. In conventional superconduc-
tors, it is known that the characteristic quasiparticle re-
laxation time 7g can diverge near 7. due to the van-
ishing superconducting gap A(T) through the following
relation32-33:

- 4TEkBTc

Q(T) = ENGE 9)

where 7r is the inelastic electron-phonon scattering
time, and A(T) = Ag[l — (T/T¢.)]”, with Ay being the
zero-temperature superconducting gap and v the order-
parameter critical exponent. This diverging behavior
gives rise to stronger effects of quasiparticle injection with
increasing temperature near T.. The temperature inter-
val for revealing such divergence depends on the critical
fluctuation regime and also on the temperature depen-
dence of 7, and is generally very narrow in conventional
superconductors, because 7g decreases rapidly with de-
creasing temperature and competes with other character-
istic times (such as the quasiparticle recombination time)
at low temperatures. On the other hand, the critical fluc-
tuation regime of cuprate superconductors is known to be
several orders of magnitude larger than that of the con-
ventional superconductors®®. In the case of YBCO, the
critical regime associated with the zero-field transition
temperature T, is estimated at approximately 1% ~ 10%
of T.. Hence, it is in principle more promising to ob-
serve this diverging quasiparticle relaxation length in the
cuprates near T..

In the previous section, we have attributed the rapidly
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increasing characteristic length near 7; in the F-I-S sam-
ples (see Fig. 4) to the c-axis spin relaxation length §¢.
Whereas the transport of spin-polarized quasiparticles
actually took place along both in-plane and c-axis, this
attribution is still reasonable because the c-axis dimen-
sions of all F-I-S samples were several orders of mag-
nitude smaller than the lateral dimensions and therefore
were most sensitive to the crossover of a c-axis relaxation
length to the sample thickness. Consequently, the tem-
perature dependence of §$ could be related to a c-axis
spin relaxation time 7§, at least semi-quantitatively. If
the spin transport along c-axis is diffusive and if no spin-
charge separation exists, we have ¢ = /D¢1¢, where
D¢ = (vpts.)/(3Ns0) is the c-axis spin diffusion coeffi-
cient and ¢f, is the transport mean-free path along the
c-axis, Ago(~ 0.1) is the dimensionless spin-orbit coupling
constant®!, and 7¢ is associated with the inelastic spin-
orbit scattering time 75, via a relation similar to that in

Eq. (9):

(T ~ _AtsokpTe (10)
(| Ak(T) )k
Here (JAx(T)|)x denotes the angular average of the d-
wave gap, and the temperature dependence of |Ay(T)]
is approximated by |Ax(T)| ~ [1 — (T/T.)]”. Assum-
ing that 7, is a weak function of the temperature, we
compare the §¢ value (~ 40 nm) at (T/7T.) = 0.1 with
that (~ 160 nm) at (T'/T.) = 0.9 and use Eq. (10) to
obtain the order-parameter exponent v =~ 0.65, which
is consistent with the exponent v = 2/3 for the XY-
model. Furthermore, using Eq. (10), the physical pa-
rameters vp and /5, listed in Table I, and the empirical
values of 6¢(T), we find 75, ~ 1071 ~ 1071% s, which
is consistent with the theoretical estimate for spin-orbit
interaction!. We therefore suggest that c-axis spin re-
laxation mechanism may be dominated by the spin-orbit
interaction, and the relaxation time 7¢ is substantially
shorter than that associated with the in-plane spin re-
laxation, implying anisotropic spin transport.
Concerning the c-axis simple quasiparticle transport,
we remark that the overall effects of current injection in
the N-I-S samples depend strongly on the transmission
and energy relaxation of simple quasiparticles along the
c-axis, and are therefore sensitive to the inter-planar in-
elastic scattering mechanism in addition to the in-plane
quasiparticle recombination. Given that the c-axis di-
mensions of the N-I-S samples were much smaller than
the lateral dimensions, the overall effects of simple quasi-
particle injection should be primarily determined by the
magnitude of the c-axis simple quasiparticle relaxation
length ¢ relative to the sample thickness, even though
the in-plane recombination time of excess simple quasi-
particles can be relatively long due to the existence of
nodes in the pairing potential®. Taking Eq. (9) and the
typical electron-phonon scattering time in the cuprates,
e ~ 1071 s for (T/T,) < 1 and 75 ~ 10713 s for
(T'/T.) — 1, we obtained &%, = /D¢7¢ that ranges from
~ 20 nm at (T/T,) ~ 0.1 to <~ 5 nm at (T/T.) ~ 0.9,



where D¢ = vpf./3 is the charge diffusion coefficient
along c-axis. These estimates are consistent with the neg-
ligible effect of current injection in the N-I-S samples with
a thick superconducting layer (~ 100 nm), and the finite
(although relatively small) suppression of .J, in those N-
I-S samples with a thin superconducting layer (~ 50 nm).
Due to the rapid decrease in the electron-phonon scatter-
ing time 7 with T near T, a diverging 65(T") can only
be expected if temperature becomes sufficiently close to
T. so that the increasing value of (A(T))~! with T' com-
pensates for the decreasing 75(7). A simple estimate
using Eq. (9) suggests that 0.9997, < T < T, would be
necessary to manifest the diverging simple quasiparticle
relaxation length, which is beyond our experimental res-
olution for measurements of the corresponding J..

V. DISCUSSION

The phenomenological analyses based on conventional
theory of nonequilibrium superconductivity in the pre-
vious section suggest significant effects of spin-injection
on cuprate superconductivity and anisotropic spin trans-
port, with spin relaxation probably dominated by the
spin-orbit interaction along c-axis and by the exchange
interaction within the CuOs plane. Under the premise
of high-quality F-I-S heterostructures and interfaces, the
significant influence of spin-polarized quasiparticles on
the microscopic DOS is likely unique to the cuprate
superconductors because of the strong correlation be-
tween the conducting holes and spin fluctuations® 0.
Such drastic dynamic effects on cuprate superconductiv-
ity are reminiscent of the suppression of superconductiv-
ity and long-range effects induced by static non-magnetic
impurities that substitute the Cu?* ions in the CuOs
planes!'™ 28, The short-range antiferromagnetic correla-
tion has been considered to play a significant role in the
cuprate superconductivity, and the static non-magnetic
impurities in the p-type cuprates are believed to have
broken the antiferromagnetic correlation of Cu?* ions'®,
thus inducing localized magnetic moments and result-
ing in strong suppression of the collective spin excitation
and the global pairing potential?!:24:25:27:28 _ Similarly, we
consider that the continuous injection of spin-polarized
quasiparticles into the cuprate superconductors has ef-
fectively resulted in a quasi-static ferromagnetic pertur-
bation to the antiferromagnetic correlation in the CuQOs
planes, thereby yielding strong effects and slow relaxation
in the quasiparticle spectra.

Next, we comment on the possible relevance of param-
agnetic effect®%84 to the observed suppression of cuprate
superconductivity due to spin injection. We consider the
spatially averaged effective magnetic induction B.s; due
to an injected spin-polarized current density Ji,;. As-
suming that the c-axis spin de-phasing time 7¢ and tak-
ing the polarization P = 1 for simplicity, we obtain an
upper bound for Beyy:

Bepy < po(ps/e)(JiniTs/d), (11)
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where 7¢ is related to 75, as given in Eq. (10). Thus,
we obtained Besy ~ 107* Tesla for d = 100 nm and
Jinj = 1()5A/crn2. This effective field is clearly insignif-
icant compared with any critical fields of the supercon-
ductor, thus cannot account for the strong suppression of
superconductivity under the injection of spin-polarized
quasiparticles.

For completeness, we discuss in the following the possi-
bility that the suppression of critical currents might be a
spurious effect associated with the summation of an ini-
tial supercurrent and an externally injected current, as
recently suggested in Ref.3?) and then comment on the
preliminary data taken on patterned F-I-S heterostruc-
tures. Omne may conjecture that as the externally in-
jected current from the manganite underlayer enter the
superconductor uniformly in a direction transverse to
the Js; measurement current in the superconductor, as
shown in Fig. 6(a), this injected current would affect
the measurements of J and J_ values differently due
to the spatial variation in the local current density in-
side the superconductor. That is, one might assume that
I (y) = Js + (y/L)Jin; and J~(y) = —Js + (y/L)Jin;,
where L is the length of YBCO along the J, direction,
Js || 9, and further conjecture that the I-V characteristics
of the entire superconductor would be solely determined
by small resistive regions in the superconductor. More
specifically, an apparent suppression of the measured J,
would be expected because J;~ would be reduced by J;,,;
due to its direct addition of J;,; while J- would be un-
affected and remains the same as J..8> However, upon
closer scrutiny, we believe that such a hypothetical sce-
nario has no merits for a number of reasons.

Empirically, all existing data derived from the as-
grown and patterned devices can unambiguously rule out
the current-summation scenario as the explanation for
our observation. First, had the summing of currents as
depicted in Fig. 6(a) been the dominating cause for the
suppression in J., we would have found no change in |J |
and significant suppression only in |J|. However, such
behavior has never been observed in any of our as-grown
or patterned samples. Second, this two-dimensional ge-
ometrical effect would have resulted in a constant effi-
ciency n = 1/2, for all J;,; at all temperatures, and for
all samples, regardless of the sample types (i.e., F-I-S vs.
N-I-S) and the constituent layer thickness. This clearly is
contradicted by the experimental data shown in Figs. 5
(a) and (b) for the as-grown heterostructures and in Fig.
6(c) on the patterned samples where n varies significantly
with T" and Jjy,;. In addition, for as-grown samples, no
appreciable suppression in J. could be detected in the
F-I-S devices with either a thicker superconducting layer
(d = 160 nm) (see Fig. 3(b)) or a thicker insulating bar-
rier (10 nm)? at all temperatures except very near T,
implying < 1/2. Similarly, no discernible J. suppres-
sion could be found in the control N-I-S heterostructure
with d = 100 nm,*? implying 7,, ~ 0 for a wide range of
temperature. Third, the simple current-summation sce-
nario would assert that J. = 0 if Ji,; > 2J.0 for all het-
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FIG. 6: (a) Hypothetical current flow patterns in the YBCO
layer of the F-I-S heterostructure under external current in-
jection from the manganite. The initial current in YBCO is
Js along £y direction, and the external current enters the
superconductor initially along the & direction. (b) I-V char-
acteristics of a patterned F-I-S sample under injection cur-
rents from 0 to 2.65 x 10*A/cm®. The lateral dimension of
the superconductor is (100 x 100)um?, and the layer thick-
nesses are as indicated. (c) The dashed line represents the
requisite observation of efficiency 1 equaling a constant 1/2,
if the geometrical effect of current summation in (a) were cor-
rect. The lower solid line is the result derived from (b), with
the efficiency n varying continuously with Ji,;. The upper
solid line is derived from another patterned F-I-S sample of
(10 x 100)um? lateral dimension and thicknesses as indicated,
with 7 = 0.17. Clearly, the data do not support the current-
summation scenario proposed in (a).
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erostructures at all temperatures, which is at odds with
the data shown in Fig. 1(c) for a control N-I-S sample. As
mentioned previously in Sec. IV, such finding in the N-I-S
samples is a clear revelation of the uncertainties in the in-
jected quasiparticle momentum?32. Fourth, we note that
the experimental results by Vas’ko et al.> have demon-
strated that the suppression J, in spin injection devices
is independent of the direction of current injection rela-
tive to the supercurrent, which further corroborate the
notion that the positions of external electrodes do not
provide well-defined supercurrent distribution within a
superconductor. Finally, our previous scanning tunneling
spectroscopic (STS) studies of the YBCO layer in both
F-I-S and N-I-S heterostructures had demonstrated dis-
tinct changes in the quasiparticle DOS only under spin
injection. The STS experiments were performed with
Jinj = 0 and J, = 0 at all times; hence, no complications
from current addition were involved. Thus, we conclude
that all experimental data to date clearly rule out the
possibility of current-summation as an alternative expla-
nation for J. suppression in perovskite F-I-S devices.

From the theoretical viewpoints, the current-
summation scenario assumes that the injected quasi-
particles follow a well defined current path, which
immediately turn after entering the superconductor,
flow toward the common-ground terminal, and exit
the superconductor after aggregating at that end of
the superconductor, as depicted in Fig. 6(a). In other
words, although the incident quasiparticle momentum
was along the c-axis, only the final momentum parallel
to the direction of the supercurrent in the CuQOs planes
was considered relevant. Such approach is unjustified for
the following reasons. First, the hypothetical geometric
effect for a partially varying total current density in the
superconductor would have resulted in a phase gradient
in the order parameter throughout the superconductor.
Such a gradient would have incurred phase slippage
and vortex formation in the superconductor, and the
interaction of the non-uniform currents with vortices
would tend to redistribute the currents more uniformly
to minimize the phase gradient. Thus, the real current
distribution inside the superconductor is expected to
deviate from the direct sum of currents as depicted in
Fig. 6(a). Second, the dynamic nature associated with
the initial interaction of the injected quasiparticles with
the superconductor plays a very important role in deter-
mining the nonequilibrium superconducting properties,
such as the overall quasiparticle energy and the DOS.
These important processes such as the quasiparticle
redistribution and pair recombination could not be
neglected unless the quasiparticle relaxation times were
sufficiently short so that the corresponding characteristic
lengths were much smaller than the sample dimen-
sions. However, as we have estimated in Sec. IV, the
in-plane spin relaxation time could range from 1074 s at
(T/T.) < 1to 10" % s at (T/T.) — 1, so that the in-plane
spin relaxation length was on the order of 1074 ~ 1073
m, comparable to the device dimension. The nonequilib-



rium effect of spin-polarized quasiparticles appeared to
be long-range at all temperatures in F-I-S samples with
thin YBCO, and therefore cannot be neglected. Third,
the current-summation scenario ignores the dependence
of quasiparticle transmission across interfaces on the
degree of spin polarization, the quasiparticle energy,
the no double occupancy constraint, and the interface
properties. Such simplification is neither theoretically
rigorous nor empirically compatible with experimental
data.

In an earlier study of an N-I-S heterostructure a
suppression of JI obtained was attributed to the effect
of current summation in Ref®®. Upon closer inspection
of the experiments, it can be ascertained that the critical
current had been determined only in one supercurrent
direction (J}'), while the reversal of polarity was done to
the injection current in the measurements. In reality, the
experimental procedure in Ref.%6 gave rise to a branch
imbalance effect associated with the injection of charged
quasiparticles32. That is, reversing the polarity of the in-
jection gate current actually changed the injected quasi-
particles from predominately electron-like to hole-like in
character, or vice versa. It is known that a complete
description for the branch imbalance effect must include
studies of both polarities of the bias voltage®?. Simi-
larly, showing the full J,. behavior requires the mapping
of both JF and J7 values, but no results for J were
reporteded in Ref.®6. Therefore, the current summation
conjecture remains unsubstantiated, contrary to the as-
sertion in Ref.®5,

86,87
b

We note, however, that the effect of J. suppression due
to spin injection is weaker in the patterned F-I-S relative
to the as-grown F-I-S devices, as shown in Fig. 6. In
particular, for the patterned F-I-S samples of thicknesses
100nm/2nm/100nm, we find that n ~ 0.17 at T = 4.2 K|
while at higher temperatures, no discernible J. suppres-
sion (i.e., n = 0) is observe even with Ji,; > J.. As de-
scribed in Sec. I, the constituent layers of most patterned
F-I-S heterostructures have shown substantial degrada-
tion particularly near the edge of the YBCO layer. Con-
sequently, the degree of spin polarization is likely to be
significantly compromised. Furthermore, severe interface
magnetic scattering becomes likely as the result of over-
all material degradation. Thus, the weaker spin injection
effect on the patterned F-I-S devices is not conclusive,
and should not be considered as inconsistent with our
estimated long in-plane spin relaxation length. However,
ultimate empirical verification for the in-plane spin relax-
ation length awaits successful fabrication of high-quality
patterned F-I-S and N-I-S devices.

On the magnitude of the efficiencies 7 associated with
both F-I-S and N-I-S heterostructures, we note that they
are generally small except at low temperatures in the F-
I-S. This is not entirely surprising because the YBCO
superconductor is known to have d-wave pairing sym-
metry, which is gapless along the nodal directions. The
pre-existence of thermally excited quasiparticles dimin-
ishes the significance of those injected externally. Only

13

in the low temperature regime, where the nonequilibrium
effects become significant, does one observe larger 7 in the
spin-polarized quasiparticle injection. Similar findings of
small efficiencies under injection have been confirmed by
a different experimental technique through magnetiza-
tion measurements of YBCO films®8.

Finally, based on the phenomenological analysis of our
experimental data outlined in this paper, we remark that
the bulk nonequilibrium effects in perovskite F-I-S and N-
I-S heterostructures appear to be conceptually consistent
with the general descriptions for quasiparticles. In other
words, there is no obvious need to invoke spin-charge
separation in the superconducting state to account for
the spin and charge transport behavior in the cuprates.

VI. CONCLUSION

We have conducted systematic studies of the critical
current density (J.) in perovskite F-I-S and N-I-S het-
erostructure with different thicknesses of the supercon-
ducting layer, and have demonstrated sharp contrasts be-
tween the temperature and injection current dependence
of F-I-S and of N-I-S. Within experimental uncertain-
ties, the strong suppression of superconductivity in F-I-
S due to current injection cannot be trivially explained
by either the paramagnetic effect or a simple current-
summation effect. Phenomenological analyses of our data
suggest that the strong influence of spin-polarized quasi-
particles on J. and on the quasiparticle density of states
of F-I-S samples may be due to their suppression of the
antiferromagnetic correlation in the CuQOy planes of the
superconducting cuprate. Assuming the applicability of
conventional theory of nonequilibrium superconductiv-
ity, the strong effects of spin-polarized quasiparticles are
manifested by the long in-plane spin relaxation time and
large shift in the chemical potential derived herewith.
In contrast, no discernible chemical potential shift can
be found in the N-I-S samples using the same analy-
sis. The strong effects of spin-polarized quasiparticles are
probably unique to the cuprates and other superconduc-
tors that exhibit coexistence of antiferromagnetic corre-
lation and superconductivity, and are reminiscent of the
significant suppression of superconductivity due to non-
magnetic impurities in the CuOs-planes. In contrast to
the in-plane spin relaxation mechanism via exchange in-
teraction, the c-axis spin transport mechanism may be
dominated by inelastic spin-orbit interaction. Although
more accurate determination for the spin relaxation times
awaits successful fabrication of patterned devices with
well-defined geometry and high-quality interfaces, our
work has demonstrated phenomena of nonequilibrium
superconductivity in cuprate superconductors and the
strong effects of spin injection. Further theoretical stud-
ies for the microscopic interaction of spin-polarized quasi-
particles with the background antiferromagnetic correla-
tion in the highly anisotropic d-wave cuprates will be
necessary to provide better understanding of the data.
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