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1. Unconventional pairing symmetry and strong
phase fluctuations in cuprate superconductors

Cuprate superconductors are doped Mott
insulators with physical properties differing sig-
nificantly from those of conventional supercon-
ductors [1,2]. Some of the hallmarks of these
cuprates include the marginal Fermi-liquid (MFL)
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behavior [3,4] and pseudogap phenomena [5] in the
normal state of underdoped and optimally doped
samples, the predominantly d,._,» pairing symme-
try in the superconducting state [6,7], and the small
phase stiffness and large fluctuation effects [8,9].
Different mechanisms have been proposed to ac-
count for the novel physical properties of cuprates,
such as the resonance valence bond theory [10-13]
and stripe-phase scenario [14-16] for spin—charge
separation in the normal state, and the circular
current phase and quantum criticality scenario
[3.4] for the MFL behavior. Recently, it has been



proposed that the interaction of nodal quasipar-
ticles with thermally induced vortex loops [§8] may
give rise to the MFL behavior in the normal state
and below the pseudogap temperature (77) [17].
Generally speaking, an important consequence of
the d-wave pairing symmetry is the presence of
nodal quasiparticles at low temperature, and that
of strong phase fluctuations is the separation of
the pair formation temperature (Tyfg ~ 7°) from
the superconducting transition temperature (7¢)
[8], with T. <« T*. Given the fact that the low-
energy excitations are important manifestations of
the pairing state, we expect nodal quasiparticles to
play a major role in determining the physical
properties of the cuprates. On the other hand, if
the Fermi surface were fully gapped due to broken
time-reversal (7)) symmetry in the pairing state, as
suggested by certain theories [18-21], the low-
energy excitation spectra at 7 < 7* would have
been modified significantly. It is therefore impor-
tant to establish the purity and possible doping
dependence of the pairing symmetry in the cuprate
superconductors. In particular, whether a small
broken .7 -symmetry component may exist in the
form of (de_p +id,) or (de_, +is) pairing
should be carefully examined. In this work, we
report studies of the quasiparticle tunneling spec-
tra on the YBa,Cu;0;_; (YBCO) system over a
wide range of doping levels. Several key results are
noteworthy. First, we observed long-range (~100
nm) spatial homogeneity in the pairing potential of
both underdoped and optimally doped YBCO,
and the pairing symmetry is consistent with d,._,
within our experimental resolution. Second,
macroscopic spatial modulation of the pairing
potential was observed in overdoped (Y,;Cags)-
Ba,Cu;0;_s5 (Ca-YBCO), and the pairing sym-
metry is consistent with (d._p» +s), with a
significant s-component (>20%). Third, the pres-
ence of dilute spinless (S = 0) impurities (such as
Zn*" and Mg?*) in YBCO resulted in microscopic
spatial modulations in the quasiparticle spectra
and strong suppression of superconductivity near
the impurities. Furthermore, the global pairing
potential is suppressed, suggesting long-range ef-
fects of the spinless impurities. Fourth, the doping
dependence of the pairing potential 44 in YBCO is
non-monotonic and is consistent with that of the
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superfluid density. Finally, the satellite features in
the quasiparticle spectra of YBCO follow a doping
dependence similar to that of A4. The physical
significance of our studies and comparison of the
YBCO system with Bi,Sr,CaCu,Og., (Bi-2212) are
also discussed.

2. Spatial homogeneity and directionality of quasi-
particle tunneling spectra

The technique used for this work involves a
low-temperature scanning tunneling microscope
for studies of the directionality and spatial ho-
mogeneity of quasiparticle tunneling spectra in
cuprate superconductors. The samples included:
(1) three optimally doped YBCO single crystals,
with 7, =92.9+0.1 K; (2) three underdoped
YBCO single crystals with 7, = 60.0 £ 1.5 K; (3)
one optimally doped and one underdoped YBCO
c-axis epitaxial films, with 7, =91.0+ 1.0, and
85.0+ 1.0 K; (4) two overdoped Ca-—YBCO epit-
axial films with 7, = 78.0 + 2.0 K; (5) one opti-
mally doped YBay(Cup9934Z1n0.0026Mg0.004)306.9
single crystal, hereafter denoted as (Zn,Mg)-
YBCO with T, = 82.0 &= 1.5 K. More details of our
STM capabilities and the sample surface prepa-
ration procedure have been described elsewhere
[22-25]. The spectra on single crystals were taken
primarily with the averaged quasiparticle tunnel-
ing direction k parallel to three crystalline axes: the
anti-node axes {100} or {010}, the nodal direc-
tion {110}, and the c-axis {001}. On the other
hand, the spectra of YBCO and Ca-YBCO epi-
taxial films were taken with k||[{001}. Except the
untwinned (Zn,Mg)-YBCO single crystal, all
samples studied were twinned.

Fig. 1 illustrates representative tunneling spec-
tra at 4.2 K: (a) an optimally doped YBCO single
crystal, with averaged quasiparticle momentum
k|[{110} and the STM tip scanning along the
{110} direction, as illustrated in the left inset;
(b) an underdoped YBCO single crystal, with
k||{100} and scanning along {010} direction.
(Additional spectra along other tunneling and
scanning directions could be found in Ref. [25].)
We find that these spectra exhibit long-range spa-
tial homogeneity up to ~100 nm for all tunneling
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Fig. 1. Representative tunneling conductance (dlxs/dV) vs.
bias voltage (V) data with atomic-scale spatial resolution at 4.2
K: (a) optimally YBCO (7, =92.9 K), with k[[{110} and
scanning along {110}; the inset demonstrates weak variations
in the magnitude of the ZBCP and a satellite feature at the
biased voltage ¥ =—18.5 mV; (b) underdoped YBCO
(T. = 60.0 K), with k|[{100} and scanning along {010}; the
inset shows weak spatial variation in the pairing potential (44)
and the satellite feature (Q.;) defined in Section 4. The spatial
homogeneity extends up to ~100 nm, although the data here
only focus on a shorter range for clarity.

and scanning directions, and are consistent with
predominant d,._, (>95%) pairing symmetry, as
analyzed using the generalized Blonder-Tinkham-—
Klapwijk (BTK) theory [22-27]. The spatial ho-
mogeneity of the zero-bias conductance peak
(ZBCP) associated with the Andreev bound states
in the nodal direction of a d-wave superconductor
[26,27] is shown in the inset of Fig. 1(a). Similarly,
the right inset in Fig. 1(b) demonstrates the spatial
homogeneity of the pairing potential 44 and the
energy scale Q. for a satellite feature (see Section
4) that were derived from the tunneling spectra.

The spatially homogeneous quasiparticle spectra
therefore enabled unambiguous determination of
the pairing symmetry and pairing potential. In
contrast, microscopic spectra variations in Bi-2212
[28] and macroscopic phase separations in overd-
oped La,_,Sr,CuO, [29] have been reported, sug-
gesting complications in determining the pairing
properties of those systems.

3. Doping-dependent pairing symmetry and pairing
potential

In contrast to the quasiparticle spectra of un-
derdoped and optimally doped YBCO, the c-axis
tunneling spectra of overdoped Ca-YBCO re-
vealed long-range symmetric ‘“‘subgap” features
that are consistent with the (d,._, +s) pairing
symmetry, according to the generalized BTK
analysis. In Fig. 2(a) we compare the c-axis tun-
neling spectrum of an overdoped Ca—YBCO with
that of an underdoped YBCO. The generalized
BTK calculations for c-axis tunneling spectra of
different pairing symmetries is shown in the inset
of Fig. 2(a), following the same procedure outlined
in Refs. [22-24]. Defining &, as the wave-vector
(k)-dependent single-particle energy relative to the
Fermi level Eg, 4, and E; as the pairing potential
and quasiparticle energy, with E2 = A2 + ¢; and Z
being the tunneling barrier parameter, we obtain
the tunneling current (/xs) as a function of the bias
voltage (V) [22-27]:

Ins = Gy / expl—(k /) %k,
X /dEk[l + A(Ey, 4k, Z) — B(Ey, 4¢, 2)]

x [f(Ex — V) — f(Ep)].

Here Gnn is proportional to the normal-state
junction conductance, 4 and B are the Andreev-
reflection and normal reflection probabilities, f is
the Fermi function for quasiparticle distributions,
and f is the tunneling cone for the effective spread
of the transverse momentum (k) and the surface
roughness [22-25]. To estimate the contributions
from different pairing components, we consider
Ay = Ag cos(20;) +ids  for  (de_p +1is), 4d; =
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Fig. 2. (a) Comparison of the c-axis tunneling spectrum of an
overdoped Ca-YBCO (T, = 79 K) with that of an underdoped
YBCO (7. = 85 K). The inset illustrates the generalized BTK
calculations for c-axis tunneling spectra with d,2_,, do_y2 +is
(d2_y2 +1id,,) and (d,2_,» + s) symmetries, using 44 = 19 meV,
A; = 6 meV. (b) The tunneling spectrum of (Zn,Mg)-YBCO
(T. =82 K) for k|||{100} is compared with that of an un-
derdoped YBCO (7. = 60 K) and also with the BTK calcula-
tions.

Aq cos(20;) +i4' sin(26;) for (d. . +id,,), and
Ay = Aq cos(20;) + A for (de_,2 +5). As illus-
trated in the inset of Fig. 2(a), the calculated c-axis
tunneling spectra clearly distinguish the pairing
symmetries that permit nodal quasiparticles (such
as d_p or d_y» +s) from those with broken 7 -
symmetry (such as d,2_,» +is or d,2_,» +id,,). That
is, the latter pairing state would have resulted in a
fully gapped Fermi surface and the absence of
density of states near Er at T < T;. The distinct V-
shaped spectra near V' = 0 of the tunneling spectra
for all YBCO samples indicated the existence of
nodal quasiparticles for all doping levels. On the
other hand, the symmetric subgap features over a
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long spatial range in the overdoped Ca-YBCO
were consistent with the (d,._,» + s) pairing, with a
significant s-component.

For completeness, the k||{100} quasiparticle
spectra of underdoped YBCO (7, =60 K) and
(Zn,Mg)-YBCO are compared with the general-
ized BTK calculations in Fig. 2(b). We note that
the theoretical results predicted a U-shaped spec-
trum for kalong the anti-node direction. In real
samples, however, residual quasiparticle states
with microscopic spatial variation existed inside
the U-shaped “gap”. These states may be attrib-
uted to disorder-induced quasiparticle states and
the spread in the transverse momentum of injected
quasiparticles, and the resulting V-shaped residual
spectra suggested that nodal quasiparticles were
the primary low-energy excitations induced by
disorder. Under the premise of long-range spatial
homogeneity in the pairing state, the doping-de-
pendent pairing symmetry from predominantly
d_,2 to (d,o_,2 + s) with increasing doping level in
YBCO is consistent with significant changes in the
superconducting ground state beyond certain
doping level, while the Fermi surface remains
gapless along certain nodal directions.

In addition to the doping-dependent pairing
symmetry, 44 in the system is non-monotonic with
the doping level (p), as illustrated in Fig. 3(a). This
finding is in sharp contrast to the doping-depen-
dence of the energy gap A" observed in the Bi-2212
system [30-36]. On the other hand, the ratio
(244/ksT.) increases with decreasing p, and the
values in underdoped samples significantly exceed
that of the mean-field d-wave ratio (244/
kpT.) ~ 4.3 [37]. The large (244/ksT.) ratio may be
understood as follows. The magnitude of A4 rep-
resents zero-temperature pairing characteristics,
whereas T is associated with the phase coherence
of the order parameter, and therefore can be
strongly influenced by fluctuation effects. Thus, we
expect more rapid decline in 7; than in A4 with
decreasing p due to the decreasing phase stiffness.

4. Satellite features in the quasiparticle spectra

In addition to the primary peak features in the
tunneling spectra that provide information for the
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Fig. 3. 44(p) of the YBCO system is compared with the average
measured gap 4" (p) in Bi-2212. The doping level p, except for
the optimally doped (Zn,Mg)-YBCO, is determined by the
formula T, = Ty pay [1 — 82.6(p — 0.16)°], with T e = 93.0 K
for the optimally doped YBCO. The global value of 44 in the
optimally doped (Zn,Mg)-YBCO is reduced relative to that of
pure YBCO. (b) Comparison of Q.(p) and Q,(p) for YBCO
and Bi-2212. Note the resemblance of Q.(p) to 44(p).

pairing symmetry and pairing potential, we note
that satellite features at higher energies are present
in all YBCO samples. In Bi-2212, the “dip/hump”
satellite features following a peak have been widely
observed in various experiments such as the
tunneling spectra [30-34] and angular-resolved
photoemission spectroscopy [35,36,38]. Those
features have been attributed to quasiparticle
damping via interaction with collective spin fluc-
tuations [39-44]. Under such a scenario, a dip in
the spectral function would appear at the energy
W0 = Ameas + Qs in the strong coupling limit,
where Qs is related to the resonance of propa-
gating collective spin excitations, with Q. ~
(Ameas)l/zvp/(gé), vp being the Fermi velocity, ¢ the
superconducting coherence length, and g the cou-

pling constant between quasiparticles and spin
excitations [39,40]. Thus, if the measured gap Apeas
is associated with the superfluid density, we expect
Qs to decrease due to decreasing A, and in-
creasing g with decreasing doping level in the un-
derdoped regime. On the other hand, both A
and g are known to decrease with increasing p in
the overdoped limit, so that Q,.(p) could only be
determined empirically. By taking Q. as the en-
ergy difference between the primary peak and the
dip in the spectra, we find that the doping depen-
dence of Q. in YBCO system is qualitatively
similar to that of 44, consistent with the empirical
and theoretical doping dependence of the spin
excitations [25,39-44], and is in contrast to the
behavior of A*(p) in Bi-2212, as shown in Fig.
3(b). We note that additional peak-like satellite
features at higher energies in the YBCO system
(immediately following the spectral dip) differ
from the broad ‘“hump” feature in Bi-2212.
Comparing the energy of the secondary peak (£,)
in YBCO with A4*(p) in Bi-2212, we find that Q, of
optimally doped YBCO is significantly larger than
that of the underdoped YBCO, in contrast to the
doping dependence of the pseudogap. Thus, the
secondary peak may be the result of higher-order
quasiparticle interactions with collective spin ex-
citations rather than the pseudogap. Future spec-
tral studies at 7' > T, will be necessary to resolve
this issue.

5. Effects of spinless (S = 0) impurities

In contrast to the long-range spatial homoge-
neity in the quasiparticle spectra of YBCO and
Ca-YBCO, microscopic spatial variations have
been observed in the (Zn,Mg)-YBCO single crys-
tal near the Zn and Mg sites. It is worth noting
that non-magnetic impurities (i.e. spinless with
S =0, such as Zn*" [45-54], Mg”" [55], Li" [56,57]
and AI’" [58]) that substitute the Cu*"-ions in the
CuO, plane can induce local magnetic moments
[59] that significantly perturb the immediate vi-
cinity of the impurity site, yielding suppression of
superconductivity at 7 < T, and strong effects on
the spin dynamics at 7' > T.. On the other hand,



magnetic impurities (such as Ni*" with § = 1) are
coupled to the background spin fluctuations via
exchange interaction, and therefore act as weaker
and more local scattering sites [45-51]. The effects
of spinless impurities on cuprates are fundamen-
tally different from those on conventional super-
conductors [60,61], and have been attributed to
strong-correlation phenomena [62,63]. Among
various studies of the impurity effects on cuprates,
the most revealing data have been the observation
of strong spectral modulations near the site of
non-magnetic impurities, such as the STM studies
on Zn-doped Bi-2212 [54], and our recent work on
(Zn,Mg)-YBCO [25]. The essence of our finding is
that at the impurity sites, the coherent quasipar-
ticle peaks for the c-axis tunneling spectra are
strongly suppressed and replaced by a single im-
purity scattering peak at an energy |Eo| < 44.
Furthermore, the quasiparticle spectra exhibit
strong spatial modulations at the microscopic
scale. The usual c-axis quasiparticle spectrum is
recovered at ~3 nm away from the non-magnetic
impurity site [25], and the global value of 44 is
suppressed relative to that of the optimally doped
YBCO, (see Fig. 3(a)). The reduction in 44 is also
consistent with the increase in the coherence length
of Zn-doped YBCO [52,53]. The energy scale .
associated with the usual spectral dip is also re-
duced significantly, as shown in Fig. 3(b). These
findings are consistent with the long-range effects
of the spinless impurities, as inferred from other
studies such as NMR and neutron scattering ex-
periments [45-51].

In the context of pairing symmetry, we further
note that the single scattering peak at a non-
magnetic impurity site is not compatible with any
broken 7 -symmetry component A’ in the pairing
potential of YBCO, because the latter scenario
would have resulted two excitation peaks at +E,
[64-66]. In the strong impurity scattering limit, |Ey|
is given by |Eo| ~ A44/[(nNgVimp) In(444/4")], and
|Eo| < 4q4 is satisfied because nNg Vi > 1, where
Nr is the density of states at the Fermi level, Vi,
the on-site impurity scattering potential, and 4’ <
A4 has been assumed [64-66]. Hence, the absence
of double peaks in the quasiparticle spectra for
both (Zn,Mg)-YBCO [25] and Zn-doped Bi-2212
[54] systems provides additional confirmation for a
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gapless Fermi surface in the superconducting state
of these cuprates.

6. Discussion

Our studies of quasiparticle tunneling spectra
support the notion that nodal quasiparticles are
the primary low-energy excitations of the hole-
doped cuprate superconductors, and that strong
coupling to collective bosonic excitations exists in
the underdoped and optimally doped samples.
Concerning the possible existence of a quantum
critical point (QCP) in the cuprates [3,4], our
finding of doping-dependent pairing symmetry
from predominantly d._,» to (d,2_,» +5) in the
YBCO system suggests interesting changes in the
superconducting ground state possibly at a critical
doping level. However, we caution that the slight
orthorhombicity of optimally doped YBCO may
have given rise to a pairing symmetry that con-
stitutes to a very small s-component beyond our
experimental resolution. Thus, the doping depen-
dent pairing symmetry may have been the result of
a significant increase in the s-component in the
overdoped limit, while preserving both the crys-
talline and time-reversal symmetries. This conjec-
ture is consistent with the Raman scattering
studies [67,68] where small in-plane anisotropy in
optimally doped YBCO and rapidly vanishing
anisotropy in underdoped YBCO has been re-
ported. Noting that a naturally consequence of the
(d,2_,2 + s) pairing symmetry is the in-plane elec-
tronic anisotropy, the optical studies in Ref.
[67,68] together with our tunneling experiments
are suggestive of a pairing symmetry that evolves
continuously from d._,» to (d_,. +s) with in-
creasing doping. For comparison, the pairing
symmetry in tetragonal Bi-2212 appears to be
consistent with pure d,._» for all doping levels.
Therefore our experiments do not support the
existence of a universal QCP, although certain
broken 7 -symmetry states (such as the staggered
flux state [69] or the circulating current phase [3,4])
or other hidden symmetries cannot be detected
and therefore cannot be ruled out by the studies of
quasiparticle tunneling spectra.
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7. Summary

Studies of the low-temperature quasiparticle
tunneling spectra of the YBCO system revealed
long-range spatial homogeneity in the pairing po-
tential A4 for a wide range of doping levels. This
finding is in sharp contrast to the microscopic
spatial variations in the quasiparticle spectra of Bi-
2212 [28], where the oxygen distribution is known
to be disordered on the BiO planes. The pairing
symmetry was doping dependent, evolving from
predominantly d,._,» in the underdoped samples to
(dy2_2 +s) in the overdoped regime, suggesting
significant changes in the ground state at certain
doping level while always maintaining nodes on
the Fermi surface. The doping dependence of A4
was non-monotonic, whereas the (244/kgT;) ratio
increased with decreasing doping, suggesting
stronger deviation from the mean-field behavior in
the underdoped regime. The presence of spinless
impurities resulted in strong suppression of su-
perconductivity at a microscopic length scale near
the impurities and global reduction in 44 over a
macroscopic length scale. These results implied the
importance of nodal quasiparticles and strong
phase fluctuations in determining the physical
properties of the hole-doped cuprates.
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