10 Metal-Oxide Superconductors

Metal-oxide superconductors commonly base on a perovskite-type structure. The
standard perovskite BaTiO3; forms a body-centered cubic structure with Ba at the
body-centered position, Ti at the corners of a cube and O at the edge-centered po-
sitions. This structure can be regarded as stack of Ti-O and Ca-O layers as well.
Starting from this structure a vast of superconductors have been synthesized or even
designed by replacing the d metal ion, doping on the Ba site, doubling the unit cell
in one direction, inserting additional d metal ion-oxygen layers, tuning the charge-
carrier concentration, e. g. by changing the oxygen stoichiometry, or all changes
together. In this way, supercells with ordered stacking sequences along the ¢ direc-
tion have created which become superconducting at temperatures up to 133 K, as
for example in HgBa,Ca;Cu30g,s [1]. HgBa;Ca;Cu30g.5 has a sandwich structure
consisting of three CuO, layers separated by Ca layers and embedded in a roll made
of a Hg/Ba-O double layers. A common feature of most metal-oxide superconduc-
tors is the d metal ion-oxygen layer as a building block and its subtle influence on
the electronic properties. Very often a strongly two-dimensional metal is observed
with conductivity (and superconductivity) mainly within these layers.
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Fig. 10.1. Crystal structure of the perovskite CaTiOj3, the main structure element of the high-
temperature superconductors (from [2]). It corresponds to the standard perovskite BaTiO;
unit cell shifted along the [111] direction by (1/2, 1/2, 1/2)
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10.1 SrlelO4

Sr,RuQ4 belongs to a perovskite-related layered series, the so-called Ruddlesden-
Popper series St,,.2Ru,,4103,,14 Where the d metal site is occupied by Ru. Sr,RuO4
is one example of this general structure with m = 0 and one RuO, layer. There ex-
ist two further members of this series Sr3Ru,O7 (m = 1) and SrRuO3 (m = o0),
which are non-superconducting, but exhibit strongly ferromagnetic correlations.
SrRuOj; is an itinerant 4d ferromagnet with a Curie temperature 7. ~ 160K [3, 4]
and Sr3Ru,0; a metamagnet with strong critical fluctuations [5]. The structure of
Sr,RuQy is closely related to the high-temperature superconductor (La,Sr),CuQOy
with Cu replaced by Ru (see Fig. 10.2), but superconductivity appears only below
T.<15K.
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Fig. 10.2. Crystal structure of Sr,RuO,4 which crystallizes in a K,NiF,-type structure belong-
ing the tetragonal space group /4/mmm

The discovery of superconductivity in Sr,RuO4 has quickly triggered a large
amount of interest because of the unconventional properties [0] and the initially pro-
posed analogy [7] to *He. The normal state of Sr,RuQy is well described by Fermi
liquid theory with strong correlation effects which enhance the effective mass seen
in quantum oscillation [8, 9], specific heat and Pauli spin susceptibility measure-
ments'. The quasi-two-dimensional Fermi surface consists of three weakly corru-
gated sheets, the hole-like @ band, and the electron-like 8 and y bands, which can be
mainly associated with three #,, orbitals of Ru [9]. A major source of complications
arises from the presence of four electrons in three nearly degenerate Ru orbitals

! For a review of the normal-state properties see [10].
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4dyy, 4d,;, and 4d,. and the competing effects of crystal field, spin-orbit interaction
and Hund’s coupling. In the normal state orbital dependent, predominantly ferro-
magnetic spin correlations have been reported by NMR experiments [ 1], but neu-
tron scattering did not detect ferromagnetic correlations so far, which would help to
explain a spin-triplet superconducting state in a simple picture. In fact, incommen-
surable antiferromagnetic fluctuations above [12] and below [13] T, are reported
by neutron scattering with a strong fluctuation amplitude at ¢ ~ (0.6, 0.67). The
fluctuations are due to nesting of the @ and S sheets which had been predicted in-
dependently by Mazin and Singh [14]. This suggests a subtle competition between
ferro- and antiferromagnetic spin correlations and the role of these spin fluctuations
for the pairing mechanism is still a matter of an ongoing debate.

The superconducting state is extremely sensitive to impurities and disorder. Sys-
tematic doping of nonmagnetic Ti on the Ru site increases the residual resistivity
Pap above ~ 1 uQcm for x > 1073 and immediately suppresses superconductivity
[15, 16]. This is in line with earlier observations [17, 18] that defects or impuri-
ties both rapidly suppress superconductivity, if the residual resistivity is increased
above ~ 1 uQcm. The extreme sensitivity of T, to nonmagnetic impurities is consis-
tent with pair-breaking in unconventional superconductors and has been observed
in the unconventional superconductor UPt; [19] and the high-7, cuprates [20] as
well. The suppression can be modelled by a generalized Abrikosov-Gor’kov pair-
breaking theory [21] adapted for nonmagnetic impurities in a superconductor with
an unconventional gap symmetry [22, 23].

The exact symmetry of the superconducting order parameter of Sr,RuQy4 [24,
25, 26, 27, 28, 29] and notably the pairing mechanism [12, 14, 30, 31, 32] are still
controversial as well. On the base of the later discussed experiments several models
for the superconductivity in Sr,RuO,4 have been developed and adapted according to
the experimental progress. These models will be discussed at the end of the section
after a short description of the experimental situation”.

Nodal Structure

Early measurements [34] showed a large residual specific heat for 7 — 0 which
prevent from a definite assignment of the low-7 temperature dependence. Due to an
improved sample quality the residual specific-heat contributions were significantly
reduced. From measurements on samples with 7, ranging from 0.43K to 1.17K
[35] it is expected , that no residual contribution remains for samples with optimal
T,, i.e. that the residual specific heat is not intrinsic. The specific heat data on the
best crystals reveal a T> dependence at T < T./2 probably caused by line nodes of
the energy gap. In addition, the jump AC at T, is much smaller than that expected
from an isotropic gap. One finds 4C/yT, = 0.74 in line with the low-temperature
behaviour.

The angular dependence of the specific heat on the applied magnetic field ori-
entation was used as a probe for the quasiparticle density of states induced by the

2 A more extended review of the superconducting properties was given by Mackenzie and
Maeno [33] (on the basis of the knowledge in spring 2002)
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Fig. 10.3. Field-orientation dependent specific heat C,/T measured by rotating the applied
magnetic field on a cone with polar angle ©. ¢ is the azimuth angle and the measurements
have been done at fixed 7 = 0.12 K and reduced magnetic field H/H,, = 0.4. For details see
text (from [36])

magnetic field. An oscillatory modulation of the thermodynamic quantities has the-
oretically been predicted by Vekhter et al. [37] and Won and Maki [38, 39] for
the vortex state of d-wave superconductors. The observed in-plane anisotropy (see
Fig. 10.3 for ® = 90° (H L c¢)) below 0.3 K which is absent in the normal state has
been interpreted as a modulation of the superconducting gap on the y band with a
minimum along the [100] direction [40]. For the field range 0.15T < yuoH < 1.2T
the non-sinusoidal 4-fold angular variation can be approximated by

Ce(@) = Co + Cy - fa(9) (10.1)

with f4(¢) = 2|sin 2¢| — 1. Further studies extended to smaller polar angles show a
steeply decrease of C4(¢p) with decreasing @ from 90° (i. e. towards H || ¢). No angu-
lar modulation of C,.(¢) was detected below @ = 80° (see Fig. 10.3). Deguchi et al.
concluded that the origin of this behaviour is the compensation by gap anisotropy in
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the @ and S8 bands which most probably have line nodes or gap minima along [110],
i.e. with antiphase with that of the y band [36]°.

Further hints at the nodal structure were obtained from thermal conductivity
measurements. Zero-field experiments on single crystal with 7, = 1.44 K show a
quadratic temperature dependence of « below 7, down to ~ 0.3K and a residual
k/T which is independent of T, i.e. of the impurity concentration [4 1, 42, 43, 44].
Furthermore, below T ~ 0.3 K samples with a high T, show an crossover to a T?
dependence of k [43] signalling the crossover from heat transport dominated by the
quasiparticle excitations at the nodes to heat transport dominated by bound states.
Both, the residual and the 77 contributions, have been discussed in the context of
various models and it appears that the residual term is compatible with the univer-
sal limit of k/T [45]. The T* dependence has been predicted by Zhitormirsky and
Walker [46] and Graf and Balatsky [26] for the orbital dependent gap structure and
scattering in the unitary limit.

In an applied magnetic field the thermal conductivity increases linearly with
field [41, 47]. It has been shown that this is consistent with «(H) in very clean su-
perconductors with line nodes. In addition, Izawa et al. [41] rotated the magnetic
field within the RuO, plane and observed contributions with two- and fourfold sym-
metry of the in-plane thermal conductivity. In comparison with various proposals
for the gap function they conclude that both contributions are incompatible with
any model with vertical line nodes, but strongly indicate the presence of horizontal
line nodes.

Hints at line nodes of the gap function came from the temperature dependence
of the penetration depth A as well. Bonalde et al. [48] reported on penetration-depth
measurements on Sr,RuOy single crystals of different quality utilizing a 28 MHz
tunnel diode oscillator. Samples with a rather high 7, close to 1.4 K unanimously
exhibit a 72 dependence below 0.8 K down to 40 mK. In contrast, a dirty sample
with T = 0.82 K shows 4A(T) = A(T) — 2(0.04K) « T3 below 0.6 K. These power
laws have been discussed in the framework of several models including the orbital-
dependent superconductivity model [49], an anisotropic p-wave model [50] and a
weak-coupling d-wave model in order to account for possible line nodes. Only the
gap function with line nodes reproduces the quadratic temperature dependence at
low temperatures satisfactory, if, in addition, the presence of impurities is taken into
account. However, no crossover to a linear behaviour has been found as expected
from the local-limit calculations by Hirschfeld and Goldenfeld [51]. The observation
of a T? dependence of 4 in the sample with lower T instead of a more pronounced
T? dependence lead to the conclusion, that nonlocal effects might be responsible
for the observed exponents. According to Kosztin and Leggett [52] nonlocal elec-
trodynamics in superconductors with line nodes of the order parameter can cause
a quadratic 7" dependence instead of a linear T dependence even in the clean limit.
In the presence of impurities (dirty nonlocal limit) a 7> dependence would be ex-
pected [52] at low temperatures. Recently, Kusunose and Sigrist [28] showed that
the orbital-dependent superconductivity model in the clean nonlocal limit allows a
consistent description of the experimental data of Bonalde et al. [48] as well.

3 The underlying order-parameter scenario is discussed later at the end of this section.



126 10 Metal-Oxide Superconductors

Penetration-depth measurements by uSR experiments in the transverse field
have been performed only on samples with rather low 7, =~ 0.7K [53] and
T, = 1.15K [54]. From the real part of the Fourier transform of the time evolution
of the muon polarization the probability distribution of the local fields and its width
(4B*)!/? « 17 was determined. A closer inspection of the temperature dependence
yields

A5(T) = 2,;0)(1 = (T/T)%) (10.2)

with 4,,(0) = 200 = 20 nm [53] and 4,,(0) = 190 nm [54]. Both experiments yield
n = 2.51[53] and n = 2.78 [54] for the exponent @ which is close to the BCS ex-
pectation (see discussion in Sect. 4.3). This would imply a nodeless energy gap of
s- or p-wave symmetry. However, at low temperature the data in [53] are also con-
sistent with a linear temperature dependence which is usually taken as an indication
of the presence of nodes. For a definite conclusion one has to await measurements
on samples with higher 7. where impurities do not mask the intrinsic temperature
dependence.

A non-exponential 7 dependence has also been reported from ultrasound atten-
uation measurements [57, 56]. While Matsui and coworkers reported a crossover
from T2 to T3 behaviour above ~ 0.4 K for the transverse sound attenuation (see
also comment by Gavenda [58]), Lupien et al. [56] investigated the longitudinal
and transverse ultrasound attenuation in the normal and superconducting states with
sound propagating along the (100) and (110) direction in the basal plane and found
both a significant anisotropy and power-law behaviour down to 7./30. The data
have been analyzed by Walker et al. in a model where the ultrasound attenuation
is determined by the electron-phonon matrix element [55] (see Sect. 3.3). They
showed that the strong anisotropy of the ultrasound attenuation is connected with
the layered square-lattice structure of Sr,RuQO,4 and occurs only in the interaction of
phonons with electrons in the y band, but not with electrons in the @ and 8 bands.
Therefore, the attenuation of the most strongly attenuated modes is associated with
their interaction with the electrons in the y band and thus gives information about
the nodal structure of this band, while the attenuation of the most weakly attenuated
modes probes the nodal structure of the @ and 8 bands. Under the assumption of
an order parameter that transforms as the E, irreducible representation of the point
group Dy, and parametrized by

d'(k) =" die® (10.3)

with
di(k) = &' sin (kya) + sin (kXTa) cos (l%a) cos (l%c) (10.4)

and
di(k) = &' sin (kya) + cos(’%) sin(k’z—'a)cos (k;c) (10.5)

where i = «, 3,y denotes the band index, they achieved a quantitative description
of the data (see Fig. 10.4). The best fits were obtained with Ag = 0.7meV and
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Fig. 10.4. Numerical fits of the temperature dependence of the in-plane ultrasound attenuation

modes of Sr,RuO4 (from [55]). The free parameters are 6” and Ag (for explanation see text).
The exerimental data have been published by Lupien et al. [56]

0¥ = 0.35. The non-zero ¢ indicates that the horizontal line node at k, = +7/c
(6" = 0) is removed and point nodes appear instead.

Parity and Spin State

One of the early hints at unconventional superconductivity in Sr,RuO, came from
zero-field muon-spin relaxation measurements that reveal the spontaneous appear-
ance of an internal magnetic field below the transition temperature [59]. As already
discussed, the appearance of such a field indicates that the superconducting state is
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characterized by the breaking of time-reversal symmetry. This spontaneous internal
magnetic field can be caused either by a finite hyperfine field or spontaneous super-
currents in the vicinity of inhomogeneities in the order parameter near impurities,
surfaces and/or domain walls [60, 61]. The knowledge of the origin would help to
discriminate between unitary and non-unitary states. However, this distinction can-
not be made from the xSR results. From the increase in the exponential relaxation
below T, a characteristic field strength of 0.5 G was estimated. This is about the
same as observed in the B phase of UPt; [62].

NMR/NQR measurements on Sr,RuQ,4 benefit from the presence of three pos-
sible local probes within the RuO, plane, namely the natural abundant Ru isotopes
%Ru and '"'Ru both with nuclear spin / = 5/2 and the O isotope 7O with I = 1/2
which has to replace the natural '°O without nuclear spin. Therefore, the Knight
shift and the nuclear relaxation rate can be measured on different local sites. As al-
ready mentioned in Sect. 4.2 the Knight shift reveals information on the spin state in
the superconducting state. Both 170 [63] and *°Ru [64] Knight shift measurements
with magnetic field applied perpendicular to the ¢ axis, i. e. within the RuO; planes,
indicate an unchanged spin susceptibility below 7. which identifies Sr,RuQO, as a
spin-triplet superconductor. The result reinforces that the electrons in Sr,RuOy are
bound together in parallel-spin pairs parallel to the RuO; plane, consistent with a
vector order parameter d(k) pointing along the ¢ axis. Measurements of the %' Ru-
Knight shift in a magnetic field parallel to the ¢ axis (see Fig. 10.5) also find an
invariance of the Knight shift with respect to the field and temperature on passing
through the upper critical field and T, respectively, if the applied field is larger than
200 Oe [65]. This finding was interpreted in a scenario where the d vector pointing
to the ¢ axis in zero field can flip perpendicular to the ¢ axis by application of a small
magnetic field along c.

The absence of a Hebel-Slichter peak in the nuclear relaxation rate 1/7 on both
sites was taken as a first sign of non-s-wave superconductivity in Sr,RuQy. Further,
the temperature dependence of the nuclear relaxation rate yields information on the
nodal structure. While early measurements of the '°'Ru relaxation rate on a sample
with rather low 7T, = 0.7 K found a linear 7 dependence [66], subsequent experi-
ments on samples with 7' close to 1.5 K showed a T3 power law of (1/ T1)£3}{“ down
to 0.15 K. The T3 dependence is an indication of the gap function with line nodes.
Consequently, the T-linear behaviour was ascribed to impurity effects. The obser-
vation of a T° dependence has been used for a comparison of various models for
the superconductivity in Sr,RuQj. The result favors a p-wave model with a strongly
anisotropic gap [50] or with a line node [67]. In contrast, the nuclear relaxation rate
(1/Ty );SR on the 70 site shows a T-linear behaviour even for high-7. samples in
zero field [68]. Application of a magnetic field parallel to the planes completely
suppresses the linear 7 dependence at low 7. This was interpreted as an emergence
of gapless thermal spin fluctuations for the out-of-plane component along the ¢ axis
which possibly originate from the thermal motion of the domain structure of a su-
perconducting k, = ik, state.
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Fig. 10.5. Magnetic-field (a) and temperature dependence (b) of the '*' Ru-Knight shift in a
field applied parallel to the c axis of Sr,RuOy (by courtesy of K. Ishida, U Kyoto)

Energy Gap

Information on the energy-gap size and symmetry have been obtained from several
experiments. While Laube et al. [69] investigated point contacts between SrpRuQO4
and a sharpened Pt needle as a normal metal counterelectrode, Jin et al. [70] used
planar Pb-Sr,RuO, tunnel junctions, and Upward et al. [71] vacuum tunnelling
spectroscopy between a Pt/Ir tip and a cleaved SrpRuQy surface. The planar tun-
nelling measurements reveal the presence of an insulating surface layer of un-
known origin. The tunnelling characteristics of the Pb-Sr,RuQO, junction show a
clear gap feature, but resembles very much the tunnelling characteristics of su-
perconducting Pb with 4p, = 1.4meV in accordance with the literature value of
24py kT, = 4.3 [72]. No further gap structure is observed (see Fig. 10.6), although,
features from both superconductors should be present in the tunnelling characteristic
of a superconductor-superconductor tunnel junction. This hints at a strong surface
degradation of Sr,RuQ, during the preparation process.

The vacuum tunnelling data reveal a much smaller width of the relevant features
in the tunnelling spectra (see Fig. 10.7). Similar tunnelling characteristics have been
obtained irrespectively of the position of the Pt/Ir tip on different crystals or at differ-
ent locations of the same Sr,RuQy crystal and the characteristic features disappear
above T.. The authors interpreted the maxima at finite bias as a manifestation of the
singularity in the density of states expected at Ay, and determined Ap,,x from the
position of this maxima. They derived a BCS parameter 24, /kgT. = 6.2 — 8 and
accounted the enhanced value to a large gap anisotropy as arising e. g. from vertical
line nodes.
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Fig. 10.6. Tunneling characteristic for a Pb-Sr,RuQ, tunnel junction along the ¢ axis at 7 =
0.5 K (from [70])

Fig. 10.7. Tunneling spectra on different crystal or at different locations of the same Sr,RuO,
crystal at 7 = 0.08 K (from [71])

The point-contact measurements were performed on two single crystals, grown
both by a floating zone technique in different groups*. Determination of 7. was
carried out via bulk resistivity measurements. A total of about 150 contacts have
been investigated with contact resistances typically ranging from Ry = 0.5 to 25 Q.

4 Crystal #5 was provided by F. Lichtenberg at Augsburg University and shows a midpoint
transition temperature 72°% = 1.02 K with a transition width AT?°%~19% = 0.035 K, crystal
#C85B5 was grown by Z. Q. Mao and Y. Maeno at Kyoto University and has 73°% =
1.54 K and AT%10% = 0.15 K.
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The measurements were performed in different configurations of the predominant
current injection relative to the crystallographic axis of Sr,RuO,4 and the applied
magnetic field. In addition, the influence of the surface treatment has been investi-
gated.

Spectroscopic information was obtained only from contacts with current injec-
tion parallel to the ab-planes because the transport through such contacts was in the
ballistic limit. In the spectra with current perpendicular to the ab-planes evidence
for non-spectroscopic effects have been found [73]. These have been explained in
terms of the heating model [74] for contacts in the thermal limit (see Sect. 5.3). For
both crystals two distinctly different types of structures in dV/dI vs V spectra are
observed in the superconducting state: either a double-minimum structure (curve 1
and 2 in Fig. 10.8) or a zero-bias anomaly, i. e. a single-minimum structure centered
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Fig. 10.8. Differential resistance dV/dI vs bias voltage V normalized to the zero-bias resis-
tance Ry measured at low T = 0.2 K <« T, with Ry = 4.4 (curve 1), 5.0 (2),5.3 (3), and 3.6 2
(4). The inset shows a dV/dI curve with Ry = 7.6 2 to higher bias. Note that the differential
resistance dV/dI and not the differential conductance dI/dV is shown, therefore, the zero-bias
anomaly in curve 3 and 4 appears as a minimum and not as a maximum
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at V = 0 (curve 3 and 4 in Fig. 10.8). These structures appear independently of the
contact resistance and the in-plane orientation of the current. The occurrence of a
zero-bias anomaly is believed to have its origin in an Andreev-bound surface state
hinting at an unconventional order parameter of the superconducting phase which
changes sign as function of the k-vector. The shape of the spectra were satisfactorily
reproduced by an analysis of the data in terms of a p-wave pairing state with order
parameter d(k) = Z(k, + ik,). The current transport across the contact was modelled
allowing a tunable transparency and a phenomenological acceptance cone. Within
this model, amongst other things, information about the transmittivity of the con-
tact has been extracted [69]. Contacts showing the zero-bias anomaly are described
by a low transmission probability, the ones with double-minimum structures are
described by a high transmission probability.

The temperature dependence of both types of spectra is shown in Fig. 10.9a and
b, together with the calculated spectra. In both cases, the structures related to super-
conductivity become weaker with increasing temperature and vanish near 7. The
temperature dependence of the theoretical curves were calculated without additional
parameter once 4, has been determined by fitting to the spectrum at lowest 7. Iden-
tical values for 4y = 1.1 meV have been extracted from both types of spectra, which
is about 5 times the value expected from a weak-coupling theory.
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Fig. 10.9. Temperature dependence of the spectra with a double-minimum structure (a) or
with a single-minimum (b). Closed (open) symbols denote the measured (calculated) spectra.
For clarity, the curves at higher T are shifted with respect to the curve at lowest 7. Dy is the
transmission probability for quasiparticles along the contact normal and A is a measure for
the opening angle of the acceptance cone



10.1 Sr,RuOy4 133

Point contacts of high transmission exhibit a direct metallic conductivity, and,
in contrast to the tunnelling limit, excess current I.x. occurs. This additional cur-
rent through the constriction is a consequence of the Andreev scattering process and
carries further information on the order parameter (see Sect. 5.3). For classical su-
perconductors with an isotropic energy gap 4 the excess current is proportional to 4
[75]. From the proportionality it follows that both quantities exhibit the same func-
tional dependence on temperature and magnetic field, respectively. For unconven-
tional superconductors, however, this relation is altered in the presence of impurities
and the excess current is not necessarily proportional to the order parameter.  Ex-
perimentally, a strikingly linear dependence of the excess current as a function of
temperature and applied magnetic fields over a surprisingly wide range of the phase
diagram has been obtained (see Fig. 10.10). Each symbol in the lower panel rep-
resents one point contact either on sample #5 (open symbols) or #C85B5 (filled
symbols). The excess current was determined by numerical integration of d1/dV vs.
V after subtraction of a normalconducting background. The normalization values
IS;C(H = 0) and H"(I..c = 0) have been determined from linear regression of the
Ixc(H) vs. H data for each point contact separately. The inset shows typical dI/dV
curves from which the excess current was derived. Note that the result is quite uni-
versal since it is found in both samples in spite of their different value of 7.. As
outlined by Laube et al., the observed equivalence of the linearity in the field and
temperature dependence implies a well defined functional dependence of the excess
current /.. on the superconducting gap 4. In general, one obtains a scaling rela-
tion I.,c = constant x 4!/ close to T, where v is defined by the order-parameter
symmetry [76].

These observations have been discussed in the framework of the p-wave triplet
pairing state [24, 25] in the presence of impurities. The pairing state can qualitatively
account for the linear behaviour of the excess current. The p-wave analysis to the
point-contact spectra [69] yields the BCS temperature dependence for the supercon-
ducting gap in SrpRuQy, i.e., v = 0.5 (thin full line in Fig. 10.10 upper panel). The
resulting temperature dependence of the excess current determined in the framework
of the p-wave analysis is shown in Fig. 10.10 as /e (diamonds). The calculations
are performed for a mean free path of 15 coherence lengths (£ = v;/2nT.) and for
a diffusively scattering surface. It is clear that this model is insufficient to describe
the experimental data (squares). This is also true for the overall magnitude of the
bulk gap 4(0) = 1.1meV = 5.6 X 1.76kgT,. The general conclusion, however, is
that unlike in the s-wave case in unconventional superconductors the excess current
is not necessarily proportional to the order parameter. This is a result of the fact
that impurities and disorder strongly affect the surface properties of unconventional
superconductors. To reconcile the measured 4(0) and I.«.(T) with a p-wave order
parameter an additional pair-breaking channel has to be considered. It was shown by
Millis et. al. [22] that a low-frequency bosonic mode at a characteristic frequency w),
described by an Einstein spectrum A (w) = 5J,w,0(w — w,) leads to a temperature
dependent pair-breaking parameter

in(T) = (14;8)4,% coth(;”—]‘i) : (10.6)



134 10 Metal-Oxide Superconductors

I —
o J
3
o) |
=]
w - -
6\ O
\'/2 0.5 m 1, (T) (experiment) T
QQ L —— Apy () (theory: d=z[k +ik 1) \Q\ 1
Q _o_olexcvl(r) i
S [ B heory: d=z[k +ik ] & T, (T) ]
& [ — A" with v=1/3, A©0)=5.6 A, (0)
[ o—o1,.,(D |
) S L P P P ...
0 0.2 0.4
1.2
10
o
I o8
T g% 06
>, 04
s
0.2+ .
Sr,RuO,-Pt %
of SRRl L.

0 02 04 06 08 10 1.2
HIH™(_ =0)

exc

Fig. 10.10. Upper panel: Temperature dependence of the normalized excess current across
a point contact in Sr,RuO,. Experimental results (squares) and the results of the calculation
(open symbols) for the excess current from a p-wave analysis are shown, without (diamonds)
and with (circles) the effect of an inelastic scattering channel I;,(T'). The dashed thick curve
illustrates the scaling relation ley.2(7') ~ Abulk,z(T)” ¥ for the inelastic scattering

Lower panel: Field dependence of the normalized excess current across several point contacts
in Sr,RuO,4. The magnetic field H is aligned almost parallel to the c-axis, and the current
accross the point contact is applied in the ab-plane. Each symbol represents one point contact
on one of the two studied samples. The full line is a guide to the eye. For explanation of
I (H = 0) and H"(Ix. = 0) see text. The inset shows for one point contact typical dI/dV
curves from which the excess current was determined as a function of magnetic field

where g is the coupling-constant appearing in the gap equation. For the excess cur-
rent this model gives an excellent agreement with experimental data, as shown by
Iexe 2 (circles) in Fig. 10.10 for w, = 0.57. and 52/, = 27 x 0.25.
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Field-dependent calculations near H,., are complicated due to the presence of
vortices near the interface, and have not been performed within the p-wave approach
so far. However, from experiment it is obvious that with increasing magnetic field
both types of structures are weakened until they vanish close to B.,. In addition to
the structures attributed to superconductivity, a maximum in the spectra centered at
V = 0 starts to develop - already below B, - and becomes more pronounced with
increasing field. The maximum is observed in a wide range of the (B, T') diagram
and persists even above 7T, up to several K. The maximum in dV/dI signals insu-
lating behaviour, but its origin is not yet understood. Several scenarios, including
magnetic or Kondo-type origin, a lattice distortion at the surface or a structural in-
stability of Sr,RuQy, have been discussed [77]. A field-induced structural instability
at the surface seems the most promising candidate, but further work is necessary for
a definite assignment. For example, scanning tunnelling microscopy in an applied
magnetic field can be helpful for a clarification.

Phase-Sensitive Measurements

Several experiments have been performed on Sr,RuOy by different groups [70, 78,
79, 80, 81] in order to study the pairing symmetry and to obtain a doubtless confir-
mation of the proposed order-parameter symmetry. However, despite of the experi-
mental efforts, the situation is still contradictory. This has mainly to do with difficul-
ties in preparing reliable and uniform Josephson junctions. Although pair tunnelling
was achieved in most junctions, none of the junctions show a clear Fraunhofer pat-
tern of the critical current as a function of applied magnetic field which hints at
spatial fluctuation of the critical supercurrent density.

A reduction of the critical current between two Pb electrodes was observed in
a Pb/Sr,RuO4/Pb junction (see Fig. 10.11a) when it was cooled below the criti-
cal temperature of Sr,RuQO,4 [70]. In SN’S type junctions a weakening of the cou-
pling between two s-wave electrodes is expected, if the interlayer N’ becomes su-
perconducting with non-s-wave pairing symmetry [82]. However, this experiment
both benefits and suffers from the presence of Ru lamellas in the junction region

In
In
S

Augslng s
d) insulating layer

StRu0, O B

Fig. 10.11. Several examples of junctions on Sr,RuQ, for studies of the pairing symmetry
(from [81])
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(see Fig. 10.11c). It benefits, because proximity-induced coupling between Pb and
Sr,RuO4 occurs probably only due to the presence of these inclusions, which open
a “window” through the insulating surface layer on Sr,RuO, and it suffers from it,
because the influence of the lamellas on the pairing symmetry in the junction region
is elusive. Nevertheless, the result at least points to a non-s-wave pairing symmetry
of SI‘QRUO4.

Jin et al. [79] prepared a SS’ type Josephson junction by pressing an Indium wire
against the sample surface and observed a orientation-dependent Josephson current.
A supercurrent was present for in-plane junctions or absent for junctions along the
c axis (see Fig. 10.11b). This result was interpreted as an indication for an order
parameter with either p- or d- wave symmetry. The directional dependence of the
supercurrent arises from a directional dependence of spin-orbit coupling strength
which is responsible for a mixing between s- and p-wave pairs and thereby enables
Josephson coupling (see Sect. 6.1).

Sumiyama et al. [78] prepared SS’ type junctions by evaporating Nb or Sn
through a shadow mask on a pre-structured Sr,RuOy surface (see Fig. 10.12). No di-
rectional dependence of the supercurrent was observed, for both orientations of the
crystal a Josephson coupling was reported. The reason for the discrepancy between
both experiments is not clear. As possible origins the surface roughness or the pres-
ence of Ru lamellas are discussed which avoid direction-sensitive measurements. A
nonconducting surface barrier might account for the absence of Josephson coupling
along c-axis oriented junctions as well.

(b)

Resist

Sr,RuQ,

Fig. 10.12. Experimental realization of SS” Josephson junctions on Sr,RuQ, (from [78])

Early SQUID experiments (see Fig. 10.11d) following the pioneering work by
Kirtley and Tsuei [83] and Wollman et al. [84] on the high-temperature supercon-
ductors sufter from the reduced 7', of the junctions and the obvious surface degrada-
tion during junction preparation [80, 81]. More recently, Nelson et al. found a clear
difference between the critical current in the limit of zero magnetic flux of SQUID
devices with junctions on the same side of a Sr,RuQy crystal (c-axis junction, see
Fig. 10.11d) and junctions on opposite sides (in-plane junctions) [85]. They reported
a maximum of /.(@ = 0) for the c-axis junction and a minimum of /.(®) at ® = 0
for in-plane junctions. The result indicates that the superconducting phase changes
by m under inversion and verifies odd-parity, spin-triplet pairing in Sr,RuQO,. The
position of the minimum, however, slightly deviates from @ = 0. The asymmetry of
the critical current with respect to @ was interpreted as an additional confirmation of
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the chiral p-wave symmetry by Asano et al. who calculated the response of the crit-
ical Josephson current to applied magnetic fields for different types of ring topology
and pairing symmetries [86].

Flux Line Lattice

Information about the vortex lattice have been obtained both by uSR measure-
ments in the transverse field [53, 54] and by small-angle neutron scattering (SANS)
[87, 88]. In the uSR experiment the time evolution of the muon polarization was
measured and from the real part of the Fourier transform the probability distribution
of the local fields has been obtained. The line shape of this distribution function is in
good agreement with vortices forming a square lattice, at least at the applied field of
6mT [53] and 15 mT [54]. The observation of a square lattice is not by itself a proof
for non-s-wave superconductivity. The lattice structure may change as a function
of field in conventional s-wave superconductors as well and a square vortex lattice
can arise from non-local effects [89]. Indeed, this was experimentally observed in
members of the borocarbide family RNi,B,C [90, 91, 92].

The presence of a square vortex lattice was confirmed by the SANS experi-
ments [87, 88] in magnetic fields of B = 10, 20, and 30 mT parallel to the c-axis of
Sr,RuQy, 1. e. perpendicular to the layers. The orientation of the flux line lattice is
such that the nearest-neighbour direction is at 45° to the Ru-O-Ru direction in the
crystal lattice (compare with Fig. 10.2). The result was interpreted in terms of the
two-component Ginzburg-Landau model for the superconductivity of Sr,RuO, in
presence of a magnetic field as proposed by Agterberg [93, 94]. In this model the
order parameter has two components (171,7,) and belongs to the two-dimensional
representations /s, of the tetragonal point group Dy, [60]. A time-reversal symme-
try breaking state would be realized for (17;,7,) o (1,i) and the orbital symmetry
properties are reproduced by k, + ik,. The measured intensities of different flux
lattice Bragg reflections have been shown to be in qualitative agreement with this
model which describes a p-wave state. On the base of this Heeb and Agterberg cal-
culated the vortex core structure and proposed a fourfold deformation of the vortex
core which should be observable in scanning tunnelling measurements.

A certainly intriguing method was used to study the field penetration in a mag-
netic field applied almost within the ab plane of Sr,RuO,4, namely pSQUID force
microscopy [95]. The uSQUID force microscope consists of a piezoelectric tuning
fork carrying the SQUID. By detecting the interaction forces between the SQUID tip
and sample surface the magnetic flux penetrating the superconductor in the vortex
state has been imaged. The images taken at low fields show the magnetic flux start-
ing to penetrate the crystal in form of elongated flux chains, oriented along the field
direction. The formation of vortex chains is driven by the transverse magnetization
of the tilted vortices. The effect has already been observed for other superconduc-
tors, e. g. the high-7,’s (see Sect. 10.2).
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Superconductivity Models

One possibility to deliberate on the question of the order-parameter symmetry is to
look at the possible pairing states allowed under the aspects of the group theory. The
possible pairing states of Sr,RuQy can be classified according to the irreducible rep-
resentations of the D, point group [60]. The only state which breaks time-reversal
symmetry is the odd parity E, state which can be expressed by the vector function
d(k) = 2(ky + iky). Other possible time-reversal symmetry breaking states would re-
quire complex combinations of states belonging to different representations which
would in general lead to double superconducting transitions, with broken time re-
versal only below the lower transition. As there is no evidence to date of multiple
superconducting transitions, the E, state is the only one compatible with the exper-
imental data.

Based on the proposal by Rice and Sigrist [7] that modest ferromagnetic en-
hancement in the Fermi liquid state favors p-wave superconductivity the earliest
model assumed a p-wave order parameter in analogy to the A phase of *He, namely
the unitary spin-triplet d(k) = Z(k, +ik,) order parameter. However, the pairing state
is isotropic in the basal plane and fully gapped, which contradicts the observation
of line nodes in several experiments. As shown by Blount [96] symmetry requires
spin-triplet superconductors to be nodeless or have point nodes but not line nodes.
Line nodes in a spin-triplet state can appear only accidentally if spin-orbit coupling
is present. The proposed non-unitary p-wave model [97, 98] is incompatible with
the observation of line nodes as well.

In order to account for the NMR results Miyake and Narikiyo [50] showed that
starting from a pairing interaction mediated by short-range ferromagnetic spin fluc-
tuations a modified order parameter d(k) = AyZ(sin k,+i sin k) is obtained instead of
the isotropic d(k) = AyZ(k,+iky). Furthermore, the amplitude of the gap is described
approximately by a fourfold-symmetry gap function of |d(k)| = Ao[1 — rcos(46;)]
with = 0.692. This gap function has vertical line nodes.

Hasegawa et al. [67] have proposed a phenomenological model with several
possible f-wave pairing states which have been constructed from the product of
two-dimensional odd-parity E, representations with different even-parity represen-
tations which are chosen to have zeros. The stability of such mixed-parity states
has been investigated by Eschrig et al. [27]. Among all states allowed by symme-
try the following states are the most promising candidates for an explanation of the
experimental findings of SR, NMR and specific heat:

d(k) = Aoz(ky + ikykyky (10.7)
d(k) = Ao2(k, + iky)(k; = k) (10.8)
d(k) = AoZ(k, + iky)(cos(ck;) + ag) (10.9)

These are time-reversal symmetry-broken states which have line nodes running
either vertically (10.7 and 10.8) or horizontally (10.9). However, only d(k) =
240(ky + iky)(cos(ck;) + ag) with |ag] < 1 and real, can account for the 6 depen-
dence of the thermal conductivity under rotation of the magnetic field [41]. Graf
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and Balatsky [26] analyzed the specific-heat data and conclude that pairing states
similar to those above in 10.7 are possible. On the other hand, Wu and Joynt [99]
analyzed ultrasonic-absorption and thermal-conductivity measurements and came to
the conclusion that only the state in 10.8 can qualitatively account for the transport
data.

Other models take into account the multi-sheet Fermi surface of Sr,RuO4. Won
and Maki [100] assumed that the order parameter is the same for all three bands
and considered a f-wave order parameter with d(k) = AyZk,(k, + iky)z. This order
parameter has horizontal line nodes and can account for the observed power laws in
the thermodynamic properties. The orbital-dependent superconductivity model pro-
posed by Agterberg et al. [49] assumes that interband pairing interaction of quasi-
particles is weak between the y band characterized by the Ru 4d,, orbitals and the «
and 5 bands by the Ru 4d,. and 44, orbitals so that a large gap occurs on the y band
and only small proximity-induced gaps on the @ and 8 bands. As a consequence, the
ungapped Fermi surfaces can account for the residual density of states observed in
early specific-heat measurements, at least until a second phase transition appears at
very low T. However, the residual density of states observed in early specific-heat
measurements seems not to be intrinsic and, up to now, no second phase transition
has been found in zero field.

Zhitomirsky and Rice [101] extended this model in order to account for the
experimental findings. They proposed that line nodes exist only on two of the three
Fermi surfaces: a fully-gapped Fermi surface exists in the active y band, which
drives the superconducting transition, while line nodes develop in passive @ and
[ bands by the interband proximity effect. They found that a nodeless axial order
parameter d(k) o (k. + ik,) in the active band can induce superconducting gaps
d(k) o (k. + iky) cos(k,/2) with horizontal line nodes in the passive bands and they
showed that this model almost perfectly describes the specific-heat data.

A similar approach was chosen by Nomura and Yamada [103, 104]. By solving
the linearized Eliashberg equation on the basis of the two-dimensional three-band
Hubbard model they determined the superconducting gap structure of SrpRuOy.
They showed that the momentum dependence of the effective pairing interaction
on the y band favors p-wave pairing on this band, while the pairing on the o and

/ RuQ, plane /

»ﬁuﬁfl

Fig. 10.13. Schematic representation of the vector order parameter d(k) = ZA4o(k, + 1ky)
for Sr,RuQO,4. Small arrows depict the spins and the large arrows depict the orbital angular
moments (from [102])
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bands is induced through pair scattering from the y band. Therefore, spin-triplet su-
perconductivity in Sr,RuQy is the natural result of electron correlations, and cannot
considered as a result of strong magnetic correlations. Under the assumption that the
orbital symmetry of the Cooper pairs is p-wave with k, + ik, symmetry they found
that the induced gap function on the § band has vertical line nodes at k, = =+k,.
With this model the specific-heat data [105] have been explained successfully. They
calculated that the specific-heat jump is dominated by that of the y band but the
low-temperature thermal excitations in the superconducting state are dominated by
those of the 8 band due to the vertical line-node-like structure. In addition, on the
basis of this model the angular modulated specific-heat data have been interpreted
[36, 40].

In conclusion, there is still a lot of controversy on a definite assignment of the
order-parameter symmetry. But further discussion of the various models and addi-
tional excellent experiments will add more pieces to that puzzle and finally reveal a
consistent picture of the pairing state of Sr,RuQOy.

10.2 High-Temperature Superconductors

The discovery of superconductivity in the La-Ba-Cu-O system in 1986 by Bednorz
and Miiller [106] was like a big drumbeat in the hall of superconductivity and it
opened a run of research activities into the new field of metal-oxide compounds. As
already mentioned above, a common structural element of high-temperature super-
conductors are copper-oxide planes which dominate the superconducting properties
(see Fig. 10.14). In addition, the “123” class of materials contains CuO chains which
are thought to serve as a charge-carrier reservoir to control the electron density in the
planes. The mobile charge carriers which reside primarily within the CuO, planes
can be electrons, but are usually holes. Many of the cuprates can be doped with
charge carriers and rendered superconducting by substitution of appropriate ele-
ments into an antiferromagnetic insulating parent compound. One well-investigated
example is YBa,Cu307_s with 7, = 93 K at optimal doping. The undoped parent
compound YBa,Cu3Og is an antiferromagnetic insulator. There is still no consensus
on the mechanism causing the high 7. in these materials. However, most properties
can be well described within the concepts of Bardeen-Cooper-Schriefter theory and
Ginzburg-Landau theory.

As already stated in the beginnning, this book is not dedicated to review the
high-temperature superconductors. There exist a vast of excellent review articles
and monographs [107, 108, 109, 110, 111, 112, 113] which give a quite complete
overview on the state-of-art of research on this material and which should be re-
ferred to. However, for sake of completeness and especially, to account for the im-
portance of the research on the high-temperature superconductors for the under-
standing of the many properties of other unconventional superconductors, a short
flash on the order-parameter symmetry and the concomitant physical properties will
be given.

Nodal Structure

A very large number of experiments that probed the nodal structure showed that
there exists a finite density of states all the way down to zero energy. However,
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Fig. 10.14. Schematic representation of the unit cells of the crystal structure of YBa,Cu3zO7_s
for6 =0and 6 = 1 (from [2])

there is limited quantitative consistency between different samples and different ex-
perimental techniques and it is not clear what is the intrinsic property. Penetration-
depth measurements, for example, showed a linear temperature dependence of 172
in line with theoretical predictions for the d,>_,» gap. Measurements of the thermal
conductivity at low temperature T < 10737, (see Fig. 10.15) report a T power
law and a residual linear term in the thermal conductivity of both optimally doped
YBa,Cu307_s and Bi,Sr,CaCu,Og [ 14]. The magnitude of the linear term is in ex-
cellent agreement with the value expected from Fermi-liquid theory and the d-wave
energy spectrum. This was taken as a hint that thermally excited quasiparticles are
a significant mechanism in suppressing the superfluid density in cuprate supercon-
ductors.

Spin State and Parity

NMR measurements on the high-temperature superconductors showed the absence
of a Hebel-Slichter peak in the relaxation rate 1/7;. At low temperature the relax-
ation rate exhibits a power law with an exponent between 3 and 4.5. Knight shift
measurements involving nuclei on different lattice sites of YBa,Cu30O7_s show a
strong reduction of K in the superconducting state which clearly reflects spin sin-
glet pairing [116, 117]. Theoretical model calculations gave better agreement, if
d-wave rather than s-wave pairing was assumed [ 18]. For further information on
NMR measurements the review by Pennington and Slichter should be referred to
[119].
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Fig. 10.15. Low-temperature thermal conductivity of YBa,Cu3Og9 and Bi,Sr,CaCu, Oy at
optimum doping. The lines are linear fits to the data below 130 mK (from [114])

Energy Gap

There have been many experimental data reported of point-contact and tunnelling
spectroscopy on high-7. superconductors. The experimental methods that have
been applied to study the electronic states range from scanning tunnelling mi-
croscopy/spectroscopy, thin-film junctions to point contacts and break junctions.
A review of the tunnelling spectroscopy on high-7, superconductors was given re-
cently by Kashiwaya and Tanaka [120]. Most measurements of the gap width sug-
gest considerably larger values for 24 /kg T, than the BCS weak-coupling value of
3.5. For example, STM measurements by Maggio-Apprile et al. [121] found a gap
width of YBa,Cu3O7_s of about 20 meV corresponding to 24/kgT, = 5.1. Other
values range between 4 and 7. A certainly exceptional test of the pairing symmetry
has been reported by Wei et al. [115]. They measured tunnelling and point-contact
spectra for different orientations of a YBa,Cu307_s crystal using a low-temperature
scanning tunnelling microscope. For measurements on tunnel junctions with tun-
nelling current along the [110] direction a zero-bias anomaly has been reported
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Fig. 10.16. Tunnelling spectroscopy on YBa,Cu3;0O_s for different orientation of the crys-
tal and different transparency of the interface. For measurements on tunnel junctions with
tunnelling current along the [110] direction a zero-bias anomaly has been reported which is
absent for tunnelling current along the [100] direction and for the point contact with high
transparency (by courtesy of J. Wei, U Toronto)
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which is absent for tunnelling current along the [100] direction and for the point
contact [1 15]. Theoretical results for the ab plane tunnelling conductance by Fogel-
strom et al. [122] have shown that a zero-bias conductance anomaly is expected if
the order parameter exhibits a sign change (see Sect. 6.2). Therefore, the measure-
ments directly prove the d,>_,» symmetry of the order parameter.

Phase-Sensitive Experiments

Although supported by many experiments, the d,»_,» symmetry of the order pa-
rameter has definitely assigned only by phase-sensitive experiments as previously
suggested by Sigrist and Rice [123]. The pioneering experiments were carried out
by Wollman et al. [124], who compared the SQUID characteristics of two configu-
rations either involving a 7 junction either without a 7 junction in the SQUID loop
(see Figs. 10.17 and 6.2). They found the expected shift by ¢¢/2 in the response
to an externally applied flux (see Fig. 10.18). However, the SQUID experiments
had a number of complicating factors in their interpretation. For example, twinning
effects, flux trapping, demagnetization, and field-focusing effects can strongly ef-
fect the data and there has been some controversy on the interpretation of the data
[126, 127, 128].
|
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Fig. 10.17. Scheme of a SQUID-type loop for a phase-sensitive test of the order-parameter
symmetry (from [123])

The possibility of errors from undetected stray trapped flux was addressed in
subsequent experiments by Tsuei et al. [129] and Mathai et al. [126]. Both experi-
ments used a scanning SQUID microscope to measure trapped flux in a ring. Mathai
et al. found half-quanta of trapped flux in rings where both junctions were on differ-
ent faces of a YBa,Cu307_; crystal, while there was an integral number of quanta for
both junctions on the same face of the crystal. The experiment of Tsuei et al. com-
pared three-junction and two-junction rings in a YBa,CuzO7_s film (see Fig. 10.19,
upper panel), finding half-integer numbers of flux quanta in the three-junction con-
figuration and integer numbers in the two-junction rings (see Fig. 10.19, lower
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Fig. 10.18. Summary of the experimental result of Wollman et al. [124, 125]: (a) Extrapo-

lation of the measured SQUID resistance minimum vs flux to zero-bias current for a corner

SQUID and an edge SQUID on the same sample; (b) Measured critical current vs applied

magnetic field for an edge junction and (¢) for a corner junction (from [83])

panel). All of these results provide strong support for the correctness of d-wave
pairing. The tricrystal experiment has also applied to other high-temperature super-
conductors. A review on the phase-sensitive experiments can be found in [83, 84].
All these experiments indicate dominant d-wave pairing.

Flux Line Lattice

Various techniques have been applied to high-temperature superconductors to reveal
information on the flux line lattice. For fields applied parallel to the ¢ axis a weakly
distorted Abrikosov flux lattice has been reported [130, 131]. The distortion arises
from a small in-plane effective mass anisotropy. Besides the classical Bitter deco-
ration studies the scanning tunnelling microscope has been the main tool for such
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Fig. 10.19. Upper panel: Tricrystal geometry and ring orientation of the Scanning-SQUID
experiment by Tsuei et al.. The central, three-junction ring should be a r ring for d»_»
pairing (from [129]). Lower panel: Three-dimensional image of a thin-film YBa2Cu3O7;5
tricrystal ring sample, cooled and imaged in nominally zero field. The outer rings have no
flux, the central three-junction ring has half of a flux quantum spontaneously generated (from

(83D

investigations. Both methods revealed a vortex chain state [ 132, 133] in tilted fields.
For YBa,Cu30O7_s the vortex lattice is transformed into a pinstripe array of vortex
chains, oriented to lie in the plane defined by B and ¢ [132]. As the applied field is
increased, the chains merge smoothly into an isotropic vortex lattice, still oriented
in the same direction.

Most attention have attracted studies of the electronic structure of the vortex
cores. Bound quasiparticle states can exist inside the vortex cores with lowest energy
given approximately by E o A?/2Eg, where Ef is the Fermi energy and 4 is the
superconducting gap. Vortex core states have been identified for YBa,Cu3O7_s by
Maggio-Aprile et al. [121] and for Bi,Sr,CaCu,Og by Pan et al. [20]. However,
a fourfold symmetry sometimes predicted for d-wave vortices was not seen in the
latter experiment. This was explained by quasiparticle states bound in the vortex
cores whose order parameter is locally nodeless due to the presence of a magnetic
field.
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