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1. Introduction

The d._j.-wave pairing symmetry [1,2], spin
fluctuations [3], and pseudogap phenomena in the
under- and optimally hole-doped (p-type) cuprates
[3-5] have been regarded as highly relevant to the
pairing mechanism of high-temperature supercon-
ductivity. On the other hand, the exact pairing
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symmetry and the existence of pseudogap phe-
nomena in the electron-doped (n-type) cuprates
Ln,_,Ce,CuO4_s (Ln=Nd, Pr, Sm) still remain
controversial [6,7]. A number of theories have
centered on the viewpoint that the pseudogap is a
precursor for superconductivity [3-5]. Some mod-
els such as the resonant valence bond [8] and SU(2)
slave-boson scenarios [9,10] have suggested that
the pseudogap is associated with the formation of
pairing in the spin channel at 7* > T, and that
superconductivity occurs at 7, due to the Bose—
Einstein condensation of holons. Others suggested



that charged stripes with preformed Cooper pairs
may exist in the pseudogap regime (i.e., at T, <
T < T*), and Josephson coupling among stripes is
established at T’ < T, [11,12]. The non-Fermi liquid
(NFL) behavior in the normal state of optimally
and under-doped regimes and the Fermi liquid
(FL) behavior in the overdoped regime of the p-
type cuprates has also motivated a conjecture of a
quantum critical point (QCP) in the ground state
of the cuprates [13]. This view differs fundamen-
tally from the preformed pair scenarios. Other
viewpoints include the consideration of competing
orders in the ground state of the doped Mott an-
tiferromagnet by studying the effects of increasing
doping levels and varying strengths of the Cou-
lomb interaction [14], which could also lead to the
occurrence of a QCP.

In this work, we report experimental studies of
the pairing state of both p- and n-type cuprates.
Our findings in the infinite-layer n-type cuprates
counter several widely accepted viewpoints in the
p-type cuprates, and we suggest that the pair for-
mation does not depend on the pairing symmetry,
the existence of a pseudogap, or the presence of
spin fluctuations.

2. Doping-dependent pairing state of the p-type
cuprates

A rigorous proof for the existence of a QCP
must identify the associated broken symmetry.
Moreover, if the existence of a QCP were relevant
to the pairing mechanism, a universal broken
symmetry should be expected in all cuprate su-
perconductors. We have recently investigated the
quasiparticle tunneling spectra of the YBa,Cuj-
0O,_s system (YBCO) in the optimally and under-
doped regime and (Y(7Cag3)Ba,Cu;0;_s5 in the
overdoped regime [15,16], and found that the
pairing symmetry evolves from the predominantly
d,o_2-wave (>95%) pairing in the under- and op-
timally doped regime to mixed pairing symmetries
of (d2_,» + s) with the s-component exceeding 307,
as exemplified by the c-axis quasiparticle tunneling
spectra in Fig. 1. Although our data indicated a
significant increase in the s-wave component with
the increasing doping level in YBCO, we could not
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Fig. 1. (a) Representative c-axis tunneling spectra of YBCO
with different doping levels, showing d,»_,» pairing symmetry for
the under-doped and optimally doped YBCO, and (d,2_,» +s)
symmetry in the overdoped YBCO, with a significantly large
s-wave component. (b) The doping dependence of the pairing
potential 44 and (c) the spin resonant energy Q. associated with
the satellite features [15,16], together with the results from
Bi-2212 [17-19].

conclude the existence of a QCP associated with a
broken C,, symmetry, because YBCO is known to
exhibit slight orthorhombicity (~2%) in the under-
and optimally doped regime. For comparison, in
the tetragonal system of Bi,Sr,CaCu, 0Oy (Bi-2212),
the pairing symmetry has always been consistent
with pure d,._,» for all doping levels [17-19], thus
no obvious broken symmetry at a critical doping
level. Concerning the possibility of broken time-
reversal (7T) symmetry, the scanning tunneling
spectral characteristics of YBCO [15,16] and Bi-
2212 [17-20] systems have revealed no evidence for
complex pairing symmetries such as (d,2_,» +is) or
(de_,2 +1id,,). Although tunneling spectra cannot
detect certain types of broken T-symmetry such as
the staggered flux state [21,22] or the circulating
current phase [13], there has not been conclusive
evidence for a QCP with a universal broken sym-
metry. Recently, an SU(2) slave-boson approach
to the +~J Hamiltonian [23] has found that under
the constraint of no double occupancy, the inclu-
sion of spinon and holon interactions and the as-
sumption of d,»_,.-wave spinon pairing at 7" leads
to an s-wave symmetry for the holon-pair con-
densation at 7. < T* in the under- and optimally
doped regime, and T, merges with 7* in the over-
doped regime. Thus, the pairing symmetry could
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crossover from d,._» to (d,2_» +s) in the overd-
oped regime without encountering a QCP.

A natural consequence of the d,2_,» or (d2_,2 +5)
pairing symmetry is the gapless nature of the pairing
potential and the presence of nodal quasiparticles.
Hence, quantum impurities that substitute the Cu**
ions in the CuO, planes are expected to incur strong
effects on superconductivity [24-26] due to interac-
tions with the nodal quasiparticles. Such effects are
in contrast to the weak response of conventional s-
wave superconductors to non-magnetic impurities
[27]. In addition to the strong potential scattering,
Kondo effects [28,29] are expected due to the in-
duced magnetic moments associated with the non-
magnetic impurities (such as Zn**, Mg>*, AI** and
Li™) [30-37]. Our studies of an optimally oxygen-
doped YBCO single crystal with a small concen-
tration of Zn and Mg impurities have also revealed
strong local effects on the quasiparticle spectra
[15,16], as exemplified in Fig. 2.

In the context of pseudogap, our low-tempera-
ture tunneling data in the YBCO system differed
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Fig. 2. (a) Nano-scale spatially varying c-axis tunneling spectra
near the Zn and Mg impurities of a (Zn,Mg)-doped YBCO
single crystal at 7 = 4.2 K. Two types of resonant scattering
energies are found at —10+2 and 4 +2 meV, which corre-
spond to two different substitutions of Zn and Mg in the CuO,
planes. The typical c-axis tunneling spectrum is recovered at ~3
nm away from an impurity. (b) The spatial dependence of the
impurity scattering peak intensity, showing rapid decrease
within one Fermi wavelength (~0.3 nm).

from the finding in Bi-2212 [15,16]. In particular,
the doping dependence of the gap values in YBCO
appears to be correlated with 7, [15,16], in contrast
to the averaged gap values determined from the Bi-
2212 system that increase with decreasing doping
level [17-19]. Besides the difference in the doping
dependence of the superconducting values, no di-
rect evidence for a pseudogap could be identified
in our tunneling spectra on YBCO [15,16]. Fur-
thermore, the spectra exhibited long-range spatial
homogeneity [15,16], in sharp contrast to the
nano-scale large variations in the gap value of Bi-
2212 [38]. The different pseudogap behavior in two
families of p-type cuprates (i.e. YBCO and Bi-
2212) suggests that the pseudogap need not be a
precursor of cuprate superconductivity.

3. Effects of spin-polarized quasiparticles on the
superconducting state of p-type cuprates

Our studies of the quasiparticle tunneling
spectra have suggested the relevance of spin fluc-
tuations to the properties of p-type cuprates and
the strong effects of static quantum impurities on
the collective spin excitations [15,16]. A natural
extension of the research is to investigate how
dynamic injection of spin-polarized quasiparticles
may affect the cuprates.

There are two primary effects associated with
the injection of spin-polarized quasiparticles on a
superconductor. One is the exchange interaction
and broken T-symmetry due to the excess mag-
netic moments. The other is the non-equilibrium
distribution of quasiparticles and momentum shift
due to the injected current. To distinguish the
difference between the spin and charge relaxa-
tion processes, we compare the characteristics of
cuprate superconductors under either simple or
spin-polarized quasiparticle injection. It has been
demonstrated that electrical currents can become
spin polarized after passing through a ferromag-
netic metal [39]. Based on this approach, we
studied thin-film heterostructures of perovskite
ferromagnet-insulator-superconductor  (F-I-S)
and non-magnetic metal-insulator—superconduc-
tor (N-I-S). Using pulsed current techniques to



prevent artifacts from Joule heating in the critical
current measurements [40,41], we have demon-
strated strong suppression in the critical current
density J. of the superconductor with injection of
spin-polarized currents, and much weaker sup-
pression of J. under similar injection current den-
sity in the N-I-S control samples. We have also
performed scanning tunneling spectroscopic stud-
ies and found strong modifications in the quasi-
particle density of states only under spin injection
[42]. However, many important issues, particularly
the microscopic interaction of spin-polarized
quasiparticles with the cuprates, remain to be re-
solved.

The constituent layers of our F-I-S and N-I-S
heterostructures consisted of either Lagy,;Cags-
MnO; or Lay;Sro3MnO; for the ferromagnet,
SrTiO; for the insulator, YBa,Cu;O;_; for the
superconductor, and LaNiO; for the non-magnetic
metal, all deposited on the LaAlO; substrate.
Details of the fabrication and characterization of
the thin-film heterostructures have been described
elsewhere [40,41]. To quantify the effects of quasi-
particle injection, we compare the critical current
density J? of the cuprate superconductor in the
absence of quasiparticle injection with the critical
current J, under finite injection. Here J, is deter-
mined by the temperature (7), the injection current
density (Ji,j), and the characteristic sample di-
mension (d) along the direction of quasiparticle
injection. We note that the spin-polarized quasi-
particles generally have much longer lifetime than
simple quasiparticles because of the low proba-
bilities of being recombined into Cooper pairs. For
conventional superconductors, the standard micro-
scopic mechanisms for spin relaxation involve
spin—orbit interactions and magnetic impurity
scattering [43]. For p-type cuprate superconduc-
tors, exchange interactions with the collective spin
excitations can be expected.

We define the “efficiency” () of suppressing
superconductivity due to an injection current den-
sity Jinj s (T, Jij) = AJe(T, Jing) /Jinj = J(T)—
Jo(T',Jinj)] /Jinj- For a constant Ji,;, the correspond-
ing efficiency in F-1-S, #,, and that in N-1-S, #,, is
illustrated in Fig. 3(a) and (b). We find that #, is
generally larger than n,. In addition, #, increases
with increasing J;,; for all 7, and so does 7, at high
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Fig. 3. (a) The efficiency (#,) vs. injected current density (Jiy;) of
an F-I-S sample at different reduced temperatures (7/7;.). We
note the rapid drop in #, with Ji,j only at low 7 and the
monotonic increase of #; with J,; at high T. The inset illustrates
the simulated results using Eqs. (1)—(3). (b) The efficiency (1,)
vs. Jij of an N-I-S sample at different (7/T;) values, which is
proportional to J§; with o ~ 0.85.

temperatures. However, anomalous decrease in #,
with increasing Ji,; is found at low temperatures.
This seemingly surprising behavior is in fact the
result of non-equilibrium distributions of Ferm-
ions, as elaborated below.

We consider the quasiparticle energy E; under a
finite injection current density Ji,j, where k denotes
the quasiparticle momentum. The quasiparticle
energy in thermodynamic equilibrium is given by
E = (A} + fi)'/z, where &, (= & — &) is the single
particle energy relative to the Fermi level e [44].
For a sufficiently long quasiparticle lifetime, a fi-
nite rate of quasiparticle injection can lead to
modification to the quasiparticle energy and the
effective temperature, therefore redistribution of
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quasiparticles. In the case of simple quasiparticle
injection, a finite superfluid velocity vy = Jiy;/(n5€)
can result in changes in the quasiparticle energy
E}, and distribution function f,:

Ep, = E) + hkg v,/ (2nm™) = EY + SEj,
fin = {1+ exp|E/ (ks T)]} ",

where kg is the quasiparticle momentum at the
Fermi level. Using the pairing potential 4, con-
sistent with the d,._,.-wave pairing in optimally
doped YBCO, and the single particle energies &,
consistent with the tight-binding band structure
calculations [45], we find that EY > |hkg v/ (2nm*)|
is generally satisfied in our experiments for typical
injection currents. Thus, f;, ~ 0.

In the case of spin-polarized quasiparticles, the
long quasiparticle lifetime will lead to an effective
shift in the chemical potential. Thus, the quasi-
particle distribution functions become:

fo = {1+ expl((42 + (& — 1))
+0E,)/(kaT)]} . (2)

(1)

Here p; denotes a chemical potential shift due to
the introduction of spin-polarized quasiparticles,
which is determined by averaged spin polarization
in the superconductor, P = tanh(ciJi,j/ksT), so
that p; = p, tanh(c1Jinj/kgT), where uj (~ep) and
¢ are positive constants. In addition, the sup-
pression of the critical current density AJ, is pro-
portional to the excess magnetic moments (M)
adjusted by the available quasiparticle states, and
(M) ~ Jyjtanh(ciJinj/ksT) takes the form of the
Brillouin function for a spin-1/2 system. Thus, we
express #, and #, as follows:

’/’s = AJC/Jinj

~Ng' > (1= 2f) tanh(erJing /s T),
d (3)

My~ No 'Y (1= 2fi)en(T)y & cu( T,
k

where N, denotes the total number of states, ¢,(T)
and o~ 0.85 are empirically determined coeffi-
cients, and the quantity (1 — 2f;,) accounts for the
quasiparticle distribution under spin injection.
Following the analysis outlined in Egs. (1)-(3),
we obtain simulated results in the insets of Fig.

3(a) and (b). To achieve quantitative agreement
with the experimental data, we find that (7;/T) >
~ 1 and a large chemical potential shift p (~er)
must be imposed. These strong non-equilibrium
effects due to spin-polarized quasiparticles are
suggestive of their unusual interactions with the
cuprates, such as the suppression of collective spin
excitations. These effects differ from the typical
spin relaxation process in conventional supercon-
ductors via the spin—orbit interaction [46].

4. The n-type infinite-layer system: conventional
superconductivity in unconventional cuprates

The infinite-layer system Sr;_,Ln,CuO, (Ln=
La, Gd, Sm) has the simplest structure among all
cuprate superconductors, and the optimal electron
doping occurs at x = 0.1 according to the band
structure calculations [47]. The Sr;_,Ln,CuO,
system differs from other cuprates in that there is
no extra charge block between consecutive CuO,
planes, and the c-axis lattice constant (¢y = 0.347
nm) is shorter than the in-plane lattice constant
(ap = 0.390 nm). Studies of their fundamental
physical properties have been limited [48-50] due
to the difficulties in achieving single phase and
100% superconducting volume. Recent improve-
ment of synthesis techniques has resulted in single-
phased samples of optimally doped SryoLag;CuO,
with T, =43.0 K and 100% superconducting vol-
ume [51], thus enabling our studies of the quasi-
particle spectra.

For over 1000 tunneling spectra on more than
100 randomly oriented grains of a SrggeLlagy;CuO,
sample, long-range spatial homogeneity and little
variation in the superconducting gap value from
one grain to another was found. The spectral
characteristics were consistent with the isotropic s-
wave pairing symmetry and a superconducting gap
A=13.04+1.0 meV, as exemplified in the main
panel of Fig. 4. The unusually large ratio of
(24/kgT.) = 7.0 relative to the BCS value 3.5 is
suggestive of strong coupling effects. In addition,
the “satellite features” associated with damping of
quasiparticles by the spin fluctuations in p-type
cuprate superconductors [15-20,52], as exemplified
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Fig. 4. Representative quasiparticle tunneling spectra of
Srp9Lag Cu0O,, showing long-range spatial homogeneity and
characteristics consistent with isotropic s-wave pairing sym-
metry and a large gap 4 = 13.0 £ 1.0 meV. The inset shows a
tunneling spectrum of SrgoLag ;(CuggeZngg )O,, with a com-
parable 4 and the same T¢.

in Fig. 1, were absent in Srypo9La;;CuQO,. These
results suggest that d,._,.-wave pairing and spin
fluctuations are not essential for pairing in cup-
rates.

We have also investigated the spectral charac-
teristics of the n-type infinite-layer system with
quantum impurities. For SrggLag (Cugg9Zng ;)0
with non-magnetic Zn impurities, we found similar
long-range spatial homogeneity and comparable
gap value, although the spectral peak height was
reduced and excess density of states between the
peaks was observed due to Zn-induced disorder, as
exemplified in the inset of Fig. 4. The spatial ho-
mogeneity was in sharp contrast to the nano-scale
spatial variations in the quasiparticle spectra of
Zn-doped p-type cuprates [15-20]. On the other
hand, significant electron—hole spectral asymme-
trywas observed in the Ni-doped sample Srqo-
Laj 1 (Cug.99Nig91)O,, while the gap value remained
invariant, as shown in Fig. 5. The spectral asym-
metry represented the different phase shifts in the
electron-like and hole-like quasiparticle states as
the result of broken time-reversal symmetry in-
duced by the magnetic impurities. The asymmetric
phase shifts gave rise to a reduced superconducting
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Fig. 5. Representative quasiparticle tunneling spectra of
SrooLag(Cugg9Nig;)O,, with the majority spectra showing
large electron-hole asymmetry (solid symbols) and minority
spectra with electron-hole symmetry (thin solid curve). The
spectral difference illustrated in the inset is due to impurity-
induced resonant energies at Q..

phase coherence and thus suppression in 7. The
spectral difference for the curves in Fig. 5 is illus-
trated in the inset, showing spectral peaks at Q..
Similar finding of the -electron—hole spectral
asymmetry associated with localized magnetic
impurities has also been reported in a conventional
superconductor [27].

5. Conclusion

We have investigated the pairing state of cup-
rate superconductors by means of scanning tun-
neling spectroscopy and spin injection. For p-type
cuprates, the pairing symmetry is primarily dxu,y_
in the under-doped and optimally doped regimes
and (d,2_,» + s) in the overdoped regime of YBCO.
In addition, spin fluctuations appear to be signif-
icant and coupled strongly to the low-energy ex-
citations of the pairing state, and the injection of
spin-polarized quasiparticles results in strong sup-
pression of spin fluctuations and superconductiv-
ity. In contrast, studies of the infinite-layer cuprate
SrpoLag CuO, reveal s-wave pairing symmetry
and a large gap of 13.0 £ 1.0 meV, with no evi-
dence for either spin fluctuations or pseudogap. We
therefore suggest that the d,»_, pairing symmetry,
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spin fluctuations, and pseudogap need not be es-
sential to the pairing mechanism of cuprate su-
perconductivity.
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