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ABSTRACT

Many anomalous physical properties have been observed in the high-T,
cuprate superconductors for the last decade. These include: (1) the
unconventional isotope effects on the supercarrier mass, on the charge-stripe
formation temperature, on the spin-glass freezing temperature and on the
antiferromagnetic ordering temperature; (2) the exotic pairing symmetry shown
by many bulk-sensitive experiments; (3) the magnetic resonance peak in the
superconducting state revealed by inelastic neutron scattering; (4) the peak, dip
and hump features seen in angle-resolved photoemission spectroscopy and in
tunnelling spectra; (5) the strong-coupling features in optical and tunnelling
data; (6) the pseudogap in the normal state of underdoped cuprates and (7) the
unusually large supercarrier mass anisotropy and its novel doping dependence.
We review these important experimental results, which can place crucial
constraints on the physics of cuprates. The conclusion is that high-T,
superconductivity in cuprates is a cooperative phenomenon between the strong
electron—electron correlation and strong electron—phonon coupling.

§1. INTRODUCTION

Developing the microscopic theory for high-7, superconductivity is one of the
most challenging problems in condensed-matter physics. More than 10 years after
the discovery of the high-7, cuprate superconductors by Bednorz and Miiller (1986),
there have been no microscopic theories that can describe the physics of high-T
superconductors completely and unambiguously. Owing to the high 7, values and a
very small oxygen-isotope effect observed in a 90K cuprate superconductor
YBa,Cu30,_, (YBCO) (Batlogg er al. 1987), many theorists believe that the elec-
tron—phonon interaction cannot be the origin of high-T, superconductivity. Most
physicists have thus turned their minds towards an alternative pairing interaction of
purely electronic origin. In fact, the idea that the highest 7, is only 30K within the
conventional phonon-mediated mechanism is not quite correct. In principle, T, can
increase monotonically with both increasing phonon frequency and increasing elec-
tron—phonon coupling constant within the phonon-mediated Eliashberg theory
(Carbotte 1990). The limitation of 7}, within the phonon mechanism is only imposed
by a possible structural instability in the case of too strong an electron—phonon
interaction. However, there is no universally accepted, simple and quantitative
stability criterion (Carbotte 1990). Therefore, it is quite risky to discard completely
the phonon mechanism as the origin of high-T, superconductivity without looking at
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the overwhelming evidence for a strong electron—phonon interaction in these mate-
rials. In the same way, it is also dangerous to ignore a strong electron—electron
correlation which is crucial to the understanding of the antiferromagnetic (AF)
correlation.

In order to develop a correct theory of high-T, superconductivity, one must
understand a generic phase diagram for hole-doped cuprates, as shown in figure 1.
For undoped parent compounds, the ground state is AF, suggesting a strong
electron—electron correlation. When holes are doped into the CuO, planes, the anti-
ferromagnetic state is destroyed rapidly, and superconductivity sets in when the
doping level p is above 0.05 per copper atom. The highest 7 is reached at optimal
doping with p,, = 0.15-0.20, which separates so-called underdoped (p < p,,) and
overdoped (p > p,,,) regimes. In the overdoped range, the superconducting transition
appears to be conventional mean-field like, that is the pairing and superconducting
condensation occur at the same temperature 7,. The most unusual and striking
features observed in cuprates can be summarized as follows.

(a) T, is approximately proportional to ng/m;* in the deeply underdoped
region (where ng is the supercarrier density and m* is the in-plane super-
carrier mass).

(b) The pseudogap is formed above T, in the underdoped region.

(¢) The supercarrier mass anisotropy v = (m**/m’¥)"/ increases rapidly with
decreasing doping and can reach a value of more than 100.

(d) The isotope effect on T, increases markedly with a decrease in doping, and
the isotope exponent can be larger than the Bardeen—Cooper—Schrieffer
(BCS) prediction.

(e) The dynamic or static charge and spin stripes are formed below a character-
istic temperature.

(f) The short-range AF ordering even coexists with superconductivity in the
deeply underdoped region.

In addition to these exotic properties, the magnetic resonance peak at the AF
wave-vector in the superconducting state has been observed in several double-layer
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Figure 1. A generic phase diagram for hole-doped cuprates. Here AF, SG and SC represent
antiferromagnetic, spin-glass and superconducting ground states respectively.
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cuprate systems by inelastic neutron scattering, and an unconventional pairing
symmetry has been revealed by many well-designed experiments. The understanding
of all these anomalous properties should ultimately lead to a correct microscopic
theory of high-T, superconductivity.

In this review article, we provide quite a number of important and unusual
experimental results to place crucial constraints on the basic physics of the high-
T, cuprates. In §2, we present various isotope effects in cuprates including the
unconventional isotope effects on the supercarrier mass, on the charge-stripe
formation temperature, on the spin-glass freezing temperature and on the AF order-
ing temperature. These isotope experiments clearly demonstrate that the phonon
modes related to both oxygen and copper vibrations are important to the pairing.
The results also show that there exist polaronic charge carriers, which are bound into
intersite bipolarons in the low-doping regime and into Cooper pairs in the high-
doping region. In §3, we identify the intrinsic bulk pairing symmetry for both
electron- and hole-doped cuprates from the existing bulk-sensitive and nearly
bulk-sensitive experimental results such as the magnetic penetration depth,
Raman scattering, single-particle tunnelling, Andreev reflection, nonlinear
Meissner effect, neutron scattering and angle-resolved photoemission spectroscopy
(ARPES). These experiments consistently show that the dominant bulk pairing
symmetry in hole-doped cuprates is of extended s-wave type with eight line nodes,
and of anisotropic s-wave type in electron-doped cuprates. The proposed pairing
symmetries do not contradict some surface- and phase-sensitive experiments which
show a d-wave pairing symmetry at the degraded surfaces. We also quantitatively ex-
plain the phase-sensitive experiments along the ¢ axis for both Bi,Sr,CaCu,Og,
(BSCCO) and YBCO. In §4, we present quantitative explanations for the neutron
resonance peak and the spin gap observed in YBCO and BSCCO based on the
extended s-wave pairing symmetry in a single-layer CuO, plane and opposite signs
of the order parameter in the bonding and antibonding electron bands formed within
Cu,0, double layers. The neutron resonance peak is due to the excitation of
electrons from the bonding band below the superconducting gap to the antibonding
band above the superconducting gap. In §5, we shall identify the pairing interaction
from neutron, ARPES, tunnelling and optical experiments. These experiments
consistently demonstrate that there is a strong interaction between charge carriers
and the phonons with energy of about 20meV. In §6, we provide quantitative
explanations for the normal-state susceptibility and propose an electronic structure
that is in quantitative agreement with ARPES, optical and transport experiments.
We also show that the theory of bipolaronic superconductivity can quantitatively
and consistently explain several physical properties such as the doping dependences
of the isotope effects, of the supercarrier mass anisotropy, and of the penetration
depth in the doping region with x < 0.10 where nearly all the charge carriers are
(bi)polarons. Furthermore, we propose a superconducting mechanism for optimally
doped and overdoped cuprates. Finally, we shall give concluding remarks in §7.

§2. UNCONVENTIONAL ISOTOPE EFFECTS
The observation of a gap in the electronic excitation spectrum (Daunt and
Mendelssohn 1946) and the discovery of an isotope effect (Maxwell 1950,
Reynolds et al. 1950) in conventional superconductors provided important and
crucial clues to the understanding of the microscopic mechanism of super-
conductivity. In particular, the effect of changing isotope mass on the super-
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conducting transition temperature T, implies that superconductivity is not of purely
electronic origin, but that lattice vibrations (phonons) play an important role in the
microscopic mechanism for this phenomenon.

In 1950, the first evidence for an isotope effect was reported by Maxwell (1950)
and independently by Reynolds et al. (1950). They found that the critical tempera-
ture 7, of mercury is an inverse function of the isotope mass. In the same year,
Frohlich (1950) pointed out that the same electron—lattice interaction which
describes the scattering of conduction electrons by lattice vibrations gives rise to
an indirect interaction between electrons. He proposed that this indirect interaction
is responsible for superconductivity. Fréhlich’s theory had strong support from the
observed isotope effect and played a decisive role in establishing a correct
mechanism. A few years later, Cooper (1956) demonstrated that electrons with an
attractive interaction form bound pairs (the so-called Cooper pairs) which lead to
superconductivity. However, the existence of electron pairs does not necessarily
imply a phonon-mediated pairing. Indeed, Bose condensation as considered by
Schafroth (1955) is also a possible mechanism for superconductivity, but the
model was not able to explain the isotope effect. Finally, Bardeen et al. (1957)
developed the BCS theory, which can explain most physical properties observed in
conventional superconductors.

Remarkably, the BCS theory can well explain the isotope effect. 7, within the
theory is given by (Bardeen et al. 1957)

kg T, = 1.13hwp exp (—W), (1)

where wp is the Debye frequency, which is proportional to M~ The electron—

phonon coupling N(0) V' is the product of an electron—phonon interaction strength
and the electronic density N(0) of states at the Fermi level, both of which are
independent of the ion mass M in the harmonic approximation. This formula
implies an isotope-mass dependence of T, with an isotope-effect exponent
a=—-d(InT,)/d(InM)=1/2. This is in excellent agreement with the reported
isotope effects in the non-transition-metal superconductors (e.g. mercury, tin and
lead). In fact, the isotope effect was the first justification of the proposed electron—
phonon coupling mechanism.

The conventional phonon-mediated superconducting theory is based on the
Migdal adiabatic approximation in which the phonon-induced electron self-energy
is given correctly to the order of (mb/M)]/2 ~ 1072, where m, is the bare mass of an
electron. Within this approximation, the density N(0) of states at the Fermi level, the
electron—phonon coupling constant ), and the effective mass of the supercarriers
are all independent of the ionic mass M. However, if the interactions between
electrons and nuclear ions are strong enough for electrons to form polarons (quasi-
particles dressed by lattice distortions), their effective mass m* will depend on
M. This is because the polaron mass m* = myexp (4/w) (Alexandrov and Mott
1995), where A is a constant and w is a characteristic optical phonon frequency
which depends on the masses of ions. Hence, there is a large isotope effect on the
carrier mass in polaronic metals, in contrast with the zero isotope effect in ordinary
metals. The total exponent of the isotope effect on m* is defined as
a,+ =y, —d(Inm*)/d(In M;) (M; is the mass of the ith atom in a unit cell). From
this definition and the expression for the polaron mass m* mentioned above, one
readily finds that
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The above equation implies that there should be a large negative isotope effect on m*
in polaronic metals.

Therefore, if the electron—phonon interaction is strong enough to form polarons
and/or bipolarons, one will expect a substantial isotope effect on the effective mass of
supercarriers. We shall present various isotope effects in cuprates including the
unconventional isotope effects on the supercarrier mass, on the charge-stripe forma-
tion temperature, on the spin-glass freezing temperature and on the AF
ordering temperature. These isotope experiments clearly demonstrate that the
phonon modes related to both oxygen and copper vibrations are important to the
pairing. The results also show that there exist polaronic charge carriers, which are
bound into intersite bipolarons in the low-doping regime and into Cooper pairs in
the high-doping region.

2.1. Isotope effect on the superconducting transition temperature

Studies of isotope shifts of T, have been carried out in almost all known cup-
rates. A comprehensive review was given by Franck (1994). Most of the studies
reported so far concern the oxygen-isotope shift (OIS) of 7, by replacing 150 with
180, partly because the experimental procedures are simple and reliable. Now it
is generally accepted that optimally doped cuprates exhibit a small and positive
oxygen-isotope exponent «gq. It is found that «q for optimally doped cuprates
decreases with increasing T, (Zhao et al. 2000a). The small OIS observed in the
optimally doped cuprates suggest that phonons might not be important in bringing
about high-temperature superconductivity.

However, the doping dependence of the OIS has been extensively studied in
different cuprate systems (Crawford ez al. 1990, Bornemann et al. 1992, Franck et
al. 1993, Zhao et al. 1995, 1997, 1998a). For a particular family of doped cuprates
the OIS increases with decreasing 7, and can be even larger than the BCS
prediction. In figure 2 (a), we plot the doping dependence of T, for the '°O and
80 samples of the single-layer cuprate La,_.Sr,CuO, (LSCO). It is clear that the
T, values of 80 samples are always lower than those of the '°0 samples. The doping
dependence of the isotope exponent ag is shown in figure 2 (b). The magnitude of aq
increases with a decrease in doping and becomes very large (greater than 0.5) in the
deeply underdoped region. The large ag value observed near x = 0.125 might be
related to the structural instability (Pickett ez al. 1991). The results suggest that the
phonon modes related to the oxygen vibrations are strongly coupled to conduction
electrons.

In addition to the large OISs, there are also large copper-isotope shifts observed
in underdoped La,_,Sr,CuQO, (Franck et al. 1993), oxygen-depleted YBCO (Zhao et
al. 1996¢), praseodymium-substituted Y;_,Pr,Ba,Cu;0;_, (Morris et al. 1998) and
Y,_,Pr.Ba,CuyO4 (Morris et al. 1998), as well as in YBa,Cu Oy (Williams et al.
2000). In figure 3, we plot the oxygen- and copper-isotope exponents as a function of
T,inY,_Pr.Ba,Cu;0,_, and Y,_,Pr,Ba,Cu,Oq. As T, or doping decreases, both
ao and ac,, increase monotonically. Interestingly, ac, is about three quarters of aq
in the deeply underdoped region, while ac, is even larger than ag near the optimal
doping. This indicates that the copper-dominated phonon modes (most of them are
low-energy modes) are involved in the superconducting pairing.
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Figure 2. Dependences of 7. and the oxygen-isotope exponent ag on the Sr content x for
0 and "0 samples of LSCO. (After Zhao er al. (1998a).)
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Figure 3. The oxygen and copper isotope exponents as functions of 7. for
Y _PrBa;,Cu3zO;_, and Y;_,Pr,Ba,CusOg. The data were taken from Zhao et al.
(1996¢), Morris et al. (1998) and Williams ez al. (2000).

The large copper-isotope shift also implies that the phonons in the CuO, planes
are important to superconductivity. By analogy, one should also expect that the
planar oxygen vibrations make more important contributions to the pairing than
the apical and/or chain oxygen vibrations. We can distinguish between the contribu-
tions of the different oxygen sites to the total OIS in Y;_,Pr,Ba Cu;0,_, by the site-
selective oxygen-isotope experiments (Zhao et al. 1996a). The experimental difficulty
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in the site-selective oxygen-isotope exchange was overcome by Nickel ez al. (1993). In
their experiment Nickel ez al. replaced '*O by '°0 in the chain and apical oxygen sites
of a fully '*0 exchanged YBa,Cu;0; sample, while keeping the 30 unexchanged in
the plane sites. The site selectivity was confirmed by Raman spectroscopy. A small
negative OIS (ag = —0.01 & 0.004) associated with the planar oxygen was found. In
contrast, Zech et al. (1994) carried out a more careful experiment and showed a small
positive OIS related to the planar oxygen. The above discrepancy may be due to a
broad superconducting transition in the samples used by Nickel et al. (1993), which
makes it difficult to define T reliably. Although the OIS is small in the optimally
doped samples, the careful experiment made by Zech et al. (1994) has given evidence
that the planar oxygen mainly contributes to the total OIS. Nevertheless it is not
obvious that the same conclusion should apply to the underdoped samples where the
total OIS is large. If this is the case, many theories for high-T, superconductivity can
be ruled out. Therefore studies of the site-selective oxygen isotope effect in under-
doped samples will place more serious constraints on the high-7, pairing mechanism.
This was successfully done in the underdoped and optimally doped samples of
Y,_,Pr,Ba,Cu;0;_, by Zhao er al. (1996a). In figure 4, we show the results of
the site-selective oxygen-isotope effect for YBa,Cu3Og¢4. The data for

0.0 r

'

15

<

L
T

AT =-030K

1
e
—
w

AP /P =-6.8% 1

Susceptibility (emu/mole)
)
=)

'
(=4
)
(=

“91.0 91.5 92.0 92.5 93.0
Temperature (K)

e
=)

L) <l60 160 >
p ac

o <180 160 >
P ac

\

e

[

vy
T

AP /P =-4.0%

1

e

—

wn
T

AT =-025K |

Susceptibility (emu/mole)
)
)

-0.20 . . .
91.0 91.5 92.0 92.5 93.0

Temperature (K)

Figure 4. The site-selective oxygen-isotope effect in YBa,Cu30¢94. Here (ISOISOW) means
all the oxygen sites are exchanged by 180, and (ISO]f’Om) means that only the in-plane
oxygen sites are replaced by 0. It is evident that the planar oxygen mainly (greater
than 80%) contributes to the total OIS in the optimally doped cuprate. (After Zhao et
al. (1996a).)
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Figure 5. The site-selective oxygen-isotope effect in Y 7Prg3Ba;CuszOgg7. The results show
that the planar oxygen mainly (greater than 80%) contributes to the total OIS in this
underdoped cuprate. (After Zhao et al. (1996a).)

Y 7Pry3Ba,Cu;0¢,; are plotted in figure 5. It is apparent that the planar oxygen
mainly (greater than 80%) contributes to the total OIS in both optimally doped and
underdoped samples.

2.2. Negligible oxygen-isotope effect on the carrier density

An important question may arise of whether the observed large isotope shifts in
underdoped cuprates are caused by a possible difference between the carrier
densities of two isotope samples or by a strong electron—phonon coupling. The
former cause is very unlikely because the T, values of 80 samples are always
lower than the '°O samples by more than 1K in the underdoped region, independent
of whether d7,/dx is positive, negative or zero (see figure 2 (a)).

There are two indirect experiments which have demonstrated that the difference
in the hole densities of the '°O and '*O samples is smaller than 0.0002 per cell (Zhao
et al. 1997, 1998a). Now we are able to determine the oxygen content very accurately
using a very precise volumetric analysis (Conder et al. 1989). Figure 6 shows the
oxygen contents of the '°0 and "*O samples of LSCO with different doping levels x.
It is remarkable that the oxygen contents of two isotope samples are the same within
40.0002 per cell. These indirect and direct experiments consistently show that the
difference between the hole densities of the '°0 and '30 samples is negligible, so that
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Figure 6. The oxygen contents of the 0 and *0O samples of LSCO with different doping
levels x (unpublished data). The oxygen content was determined from a very precise
volumetric analysis (Conder et al. 1989). The mass of each sample used for the analysis
is about 500 mg. The oxygen content can be determined more precisely for a higher x
and a heavier sample. The oxygen contents of two isotope samples are the same within
+0.0002 per cell.

the observed large isotope effects are intrinsic and caused by a strong electron—
phonon interaction.

2.3. Large oxygen-isotope effect on the effective supercarrier mass
Several groups have noted that there is an isotope effect on the diamagnetic
Meissner signal in decoupled fine-grained samples. Zhao et al. (1995) seriously
studied this effect and interpreted it as due to the isotope-mass dependence
of the average supercarrier mass m** (= [(m’¥)*m**]'/3). Since the magnetic
penetration depth A(0) is proportional to (m**/ns)]/z, then

Am**  2AN0) = Ang

N0 (3)

where A means any small change in a quantity upon isotope substitution. Thus the
isotope dependence of m** can be determined if one can independently measure the
isotope dependence of A\(0) and of ng. As shown above, there is a negligible oxygen-
isotope effect on the normal carrier density #, and n, = n for clean superconductors,
so one should expect that there is no significant isotope effect on n,.

The isotope dependence of A(0) can be determined from that of the Meissner
fraction f(0) which, for decoupled and fine-grained samples, depends on the
penetration depth A(0) and on the average grain radius r, as seen from the
Shoenberg (1940) formula for spherical grains:

£(T) :% ll _3 @ coth (A(”TQ n 3(“}@)21, (4)

where M(T) = {[(Ap(T)*A(T)}? for layered compounds (Kogan er al. 1988).
From equation (4), one can see that a change in A\(0) will lead to a change in
f(0); so the isotope dependence of A(0) can be determined from the isotope depen-
dence of £(0).
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In figure 7, we show the Meissner effects for the '°0 and '®O samples of LSCO
with x = 0.06 and 0.105. The samples are loosely packed with rather small grain sizes
(r = 2—4 um). One can clearly see that there are large oxygen-isotope effects on both
T. and the Meissner fraction. The most remarkable result is that the Meissner
fraction of the 'O sample is lower than for the '®O sample by about 23% in the
case of x = 0.06. The isotope effects are reversible upon the isotope back exchange
(Zhao et al. 1997, 1998a), and reproducible in several sets of the samples.
For x = 0.06, we evaluate Am**/m** = 24(2)%, that is there is a large negative
oxygen-isotope effect on the effective supercarrier mass in the deeply underdoped
cuprates. Moreover, a substantial Am**/m** value of 5-6% was also observed in
several optimally doped cuprates (Zhao et al. 1997, Zhao and Morris 1995) although
AT,/T, is small. The results clearly suggest that there exist polaronic carriers in all
the doping levels, and that these carriers condense into supercarriers. It is also clear
that the polaronic effects are reduced with increasing x.

The above results were obtained from powder samples and thus reflect the
average properties of those highly anisotropic superconductors. To gain more insight
into the role of polaronic effects, it is essential to determine the oxygen-isotope effect
on the in-plane effective supercarrier mass m)*. Although we have tentatively
extracted the isotope dependence of m’ from experiments on power samples
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Figure 7. The Meissner fractions for the '°O and 80 samples of LSCO with x = 0.06 and
0.105. (After Zhao et al. (1997, 1998a).)
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(Zhao et al. 1997), more reliable results should be obtained from experiments on
single crystals.

Unfortunately, a complete oxygen-isotope exchange by gas diffusion is impos-
sible in single crystals with a large volume. In order to reach a complete oxygen-
isotope exchange, microcrystals with a volume ¥ = 150 pm x 150 um x 50 pm (mass
10 pug) should be used. In this case, commercial superconducting quantum interfer-
ence device magnetometers do not have enough sensitivity to measure the magneti-
zation for such tiny crystals especially near 7,. Fortunately our highly
sensitive torque magnetometer (Willemin e al. 1998a) is able to detect the small
diamagnetic signal for the tiny crystals.

The superconducting transition was studied by cooling the sample in a magnetic
field B, = 0.1 T applied at an angle of 45° with respect to the ¢ axis (Hofer et al.
2000a). The torque signal was continuously recorded upon cooling the sample at a
cooling rate of 0.01 Ks™!. In order to determine the background signal of the canti-
lever, the measurement was repeated in zero field and the data were subtracted from
those of the field-cooled measurement. The magnetic torque versus temperature plots
obtained for the crystals with x = 0.086 and 0.080 are shown in figure 8. Clearly, T,
is lower for the '80-exchanged samples. Furthermore, the magnetic signals of the
back-exchanged samples (crosses) coincide with those of the '®O annealed samples
(open circles). We define 7, as the temperature where the linearly extrapolated
transition slope intersects the base line. The relative changes in 7, are found to be
AT, /T, = —5.5(4)% for x =0.080 and AT./T, = —5.1(3)% for x =0.086. The

160 - 180

3.0} + 180 > 160 1
CEUR ATT, = -5.5(4)%
Z -4.0 e e TR )
S 00] x =0.086 e
N’

P
-0.5

'Y 160—) 180
+ 180 > 160 -

& ATJ/T.=-5.103)%
16 18 20 22 24
T (X)

-1.0+

Figure 8. The magnetic torque as a function of temperature for the '°O and 0O micro-
crystals of LSCO with x = 0.086 and 0.080. The measurements were carried out in a
magnetic field B, = 0.1 T applied at an angle of 45° with respect to the ¢ axis. (After
Hofer et al. (2000a).)
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exponent ag is found to 0.47(2) for x = 0.080 and 0.40(2) for x = 0.086, which is in
good agreement with the results obtained for powder samples with similar doping
levels (Crawford et al. 1990, Zhao et al. 1998a).

More interestingly, the in-plane penetration depth X, (7) can be extracted from
field-dependent measurements (Hofer et al. 2000a). Figure 9 displays A;bz(T) for the
isotope-exchanged crystals with x = 0.086 and 0.080. The temperature dependence is
described by the power law A\,2(T) = A\,2(0)[1 — T/T.)"] with an exponent n = 5.
From figure 9 it is evident that both 7, and \,7(0) shift downwards upon replacing
10 by '80. The shifts are found to be AX,Z(0)/A,7(0) = —9(3)% and —7(1)% for
x = 0.080 and 0.086 respectively. Using Any = 0, we find that Amy"/mi¥ = 7(1)%
for x = 0.086, and Am;*/m}y* = 9(3)% for x = 0.080. These values are very close to
those obtained from experiments on power samples: Amy/mi=9(1)% for
x =0.105 (Zhao et al. 1997), and Amy/m}" = 12.5% for x = 0.06 (Zhao et al.
1998a).

The fact that polaronic charge carriers condense into supercarriers can naturally
resolve the puzzles of the doping dependence of the isotope effect on T,. In the
underdoped regime, the superconducting transition is not of a mean-field nature,
so that T, is sensitive to ng/m.;, as shown by muon-spin rotation experiments
(Uemura et al. 1989). Thus, an anomalously large OIS of T, in some underdoped
samples is due to a large oxygen-isotope effect on my". On the other hand, in the
optimally doped regime, the superconducting transition is mean field like; so a small
isotope shift in T, can be explained by the strong-coupling phonon-mediated
mechanism together with the polaronic effects (see §6). The polaronic effects
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Figure 9. The in-plane penetration depth /\;1,2(T) for the '®0 and "0 microcrystals of LSCO
with x = 0.086 and 0.080. The /\;1,2(T) value was extracted from the field dependence
of the torque. (After Hofer er al. (2000a).)
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make the electron—phonon coupling constant depend on the isotope mass,
leading to a negative contribution to the isotope effect on T, which may reduce
the exponent of the isotope effect on 7, to a small value.

2.4. Huge oxygen-isotope effect on the charge stripe formation temperature

One of the most important features in the high-temperature copper oxide super-
conductors is the formation of alternating spin and charge stripes below a character-
istic temperature (Tranquada et al. 1995, Mook et al. 1998). X-ray absorption
spectroscopy measurements (Bianconi et al. 1996) suggested that the local structures
in the alternating stripes are different, forming an incommensurate superlattice. Such
a stripe phase is believed to be important to the understanding of the pairing
mechanism of high-temperature superconductivity (Emery et al. 1997). However,
the microscopic origin of the stripe phase is still highly debated. It could be caused
by purely electronic interactions and/or by a strong electron—phonon interaction.

Although there is increasing experimental evidence for a strong electron—phonon
interaction in the cuprate superconductors, it is not clear whether this interaction is
important to the formation of the stripe phase. For the manganites with colossal
magnetoresistivity, a strong electron—phonon interaction plays an essential role in
the formation of the Jahn—Teller paired stripes (or charge ordering), as implied by a
very large OIS in the charge-ordering temperature observed in both Nd 5Sr, sMnO;
and Laj sCay sMnOj systems (Zhao et al. 1998b, 1999). Therefore it is natural to ask
whether the stripe formation temperature in cuprates could also depend on the
oxygen-isotope mass if lattice vibrations are strongly coupled to charge carriers.

X-ray absorption near-edge spectroscopy (XANES) is a powerful technique for
probing the local structure conformations for a system. There are two characteristic
peaks denoted by A and B in the XANES spectra of the cuprates, which characterize
the local structures within and out of the CuO, planes. A parameter R is defined as
R= (8 —a;)/(B + a;), where 3, and «; are the intensities of peak A and peak B
respectively in the XANES spectra. When a charge-stripe ordering takes place, a
change in the local structures leads to a sudden increase in R below the charge-stripe
formation temperature 7*. The identification of 7* by XANES has been tested in an
extensively studied compound La, g;5Ba; 1,5CuO, (Lanzara et al. 1999). In figure 10,
we show the temperature dependence of the parameter R for the oxygen-isotope
exchanged Lajg4Sr)oCuO,. From the figure, one can clearly see that, upon
replacing '®O with %0, the charge-stripe formation temperature 7% in this cuprate
increases from about 110 to 180K. Such a huge OIS of T* indicates that a
strong electron—phonon interaction is one of the driving forces for the charge-stripe
formation.

The correlation between the stripe formation and superconductivity has recently
been addressed by Bianconi et al. (2000). They determined the stripe formation
temperatures for various optimally doped systems with different microstrains
using polarized copper K-edge absorption measurements. The important finding is
that the highest 7 is achieved in a system where the stripe instability just starts to
disappear. This implies that superconductivity and stripe formation are competing
with each other. The result is also consistent with the conventional picture where
superconductivity is competing with charge ordering or structural instability so that
the highest T, occurs near the charge and/or structural instability.
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Figure 10. The temperature dependence of the parameter R for the oxygen-isotope-
exchanged Laj 94S10sCuQy4. See text for the definition of the parameter R. (After
Lanzara et al. (1999).)

2.5. Large oxygen-isotope effect on spin-glass freezing temperature

The parent compounds of the cuprate superconductors exhibit long-range three-
dimensional AF order, which is rapidly destroyed as holes are doped into the CuO,
planes. A short-range-ordered AF state exists at intermediate doping levels of
0.02 < x < 0.06 (see figure 1). Early muon-spin rotation and neutron scattering
experiments found that this magnetic state resembles a spin glass (Sternlieb et al.
1990). More detailed studies using '*’La nuclear quadrupole resonance (Cho et al.
1992) showed that the magnetic state in this doping regime is not a conventional spin
glass, but a cluster spin glass. The understanding of how the short-range-ordered AF
state affects superconductivity and how it is influenced by lattice vibrations will help
to clarify the pairing mechanism of high-T, superconductivity.

It is well known that conventional theories of magnetism neglect atomic vibra-
tions; the atoms are generally considered as infinitely heavy and static in theoretical
descriptions of magnetic phenomena, so there should be no isotope effect on
magnetism. However, if charge carriers are polaronic, one might expect isotope
effects on magnetic properties. This is indeed the case in the ferromagnetic
manganites where a giant oxygen-isotope effect on the Curie temperature has been
observed (Zhao et al. 1996b). The question is whether such an isotope effect also
exists in cuprates.

If polaronic carriers exist in cuprates and the spin-glass freezing temperature T,
depends strongly on the charge mobility, one should expect a substantial isotope
effect on T,. Experimentally we find that T, increases substantially when Mn?*
substitutes for Cu>" by 2%. The substitution does not change the total hole density
but increases the resistivity dramatically owing to the enhanced disorder and random
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Figure 11. Temperature dependence of the internal magnetic fields B, (probed by muon-spin
rotation) for the %0 and '*0 samples of La; 9781 ¢3Cug.9§Mng g, O4. (After Shengelaya
et al. (1999).)

potential in the CuO, planes. This may suggest that lowering the charge mobility by
disorder can increase T,. In the same way, lowering the polaron mobility by
increasing the oxygen mass should lead to an increase in 7.

In figure 11, we show the temperature dependence of the internal magnetic fields
B, (probed by muon-spin rotation) for the %0 and 'O samples of
Laj 9781 03Cug9sMng ,O4. It is remarkable that the spin-glass freezing temperature
T, almost doubles upon replacing %0 by '"*0. In order to understand such an
unusual isotope effect, one has to assume that the nature of charge carriers is
polaronic. It is known that doped holes strongly disturb the AF bonds in the
CuO, planes and intuitively one can expect that mobile holes are much more
effective in destroying AF bonds than static holes are. In the polaronic picture,
the charge carriers in the 'O samples are much heavier than in '°0O samples.
Heavier carriers are more easily trapped by a random potential; so one should expect
a much lower polaron mobility in the '*O samples. This can qualitatively explain the
present isotope effect.

2.6. Oxygen-isotope effect on the antiferromagnetic ordering temperature

The AF ordering found in the parent insulating compounds such as La,CuO,
signals a strong electron—electron Coulomb correlation. On the other hand, the large
isotope effects found in the underdoped cuprate superconductors indicate a strong
electron—phonon interaction. The strong electron—phonon interaction in cuprates
leads to the formation of polaronic carriers as shown above. Now the question arises
of whether the strong electron—phonon interaction can modify the AF exchange
energy and thus the AF ordering temperature in the parent insulating compounds.
Studies of the isotope effect on the AF ordering temperature may help to clarify this
issue.

Figures 12 (a) and (b) show the temperature dependences of the susceptibility for
the '°0O and O samples of undoped La,CuO, and of oxygen-doped La,CuOy,,
respectively. One can see that the AF ordering temperature Ty for the 'O sample is
lower than the '°O sample by about 1.9K in the case of the undoped samples. For
the oxygen-doped samples, there is a negligible isotope effect. We further showed
that there is no significant OIS of Ty in other undoped cuprates having no apical
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Figure 12. The temperature dependence of the susceptibility for the 0 and 0 samples of
(a) undoped La,CuO4 and (b) the oxygen-doped La,CuOy,,. (After Zhao et al.
(1994).)

oxygen (Zhao et al. 1994). This implies that lattice vibrations related to the apical
oxygen is mainly responsible for the isotope effect.

It is known that the antiferromagnetism in La,CuO,_, can be well described by
the mean-field theory which leads to the Ty formula (Thio ef al. 1988)

kg Ty = J’(wy, (5)

a

where J' is the interlayer coupling energy and &(Ty) is the in-plane AF correlation
length at Ty given by &(7T\) x exp (J/Ty) for y =0 (J is the in-plane exchange
energy). When Ty is reduced to about 250K by oxygen doping, the mesoscopic
phase separation has taken place so that £(Ty) = L (Cho et al. 1993), where L is
the size of the antiferromagnetically correlated clusters and depends only on the
extra oxygen content y. In this case, we have Ty = J'L’. Since L is independent
of the isotope mass, a negligible isotope shift in Ty in the oxygen-doped La,CuO,_,
suggests that J' is independent of the isotope mass. Then we easily find for undoped
compounds
ATy AJ B 6
T~ J 1+B’ (6)
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where B =2J/TyN ~ 10. Then, from the measured isotope shift in Ty for the
undoped samples, we obtain AJ/J = —0.6%.

Theoretically, Kugel and Khomski (1980) considered the Jahn—Teller effect in a
single-band Hubbard model. They showed that, for U > E,, hw,

2/ 2Eh
J:Z—’(H pw). (7)

U U?
On the other hand, when U <« hw,

2
s 217 exp (—2E, /hw) .
U—2E,

(8)

Here U is the on-site Coulomb repulsion, 7 is the bare hopping integral, E, is the
Jahn-Teller stabilization energy and w is the vibration frequency of the Jahn—Teller
mode. If we take t =0.5¢V, J =0.13eV, we obtain U = 3.8¢eV. With hw =0.1¢V,
E,=12¢V (Kamimura 1987), we obtain AJ/J ~ —0.1% from equation (7), which
is a factor of about six smaller than the measured value. The discrepancy might arise
because the parent compound is not a Hubbard insulator but a charge-transfer
insulator.

§3. PAIRING SYMMETRY

An unambiguous determination of the symmetry of the order parameter (OP)
(pair wavefunction) in cuprates is crucial to the understanding of the pairing
mechanism of high-temperature superconductivity. In recent years, many experi-
ments have been designed to test the OP symmetry in the cuprate superconductors.
However, contradictory conclusions have been drawn from different experimental
techniques (Hardy et al. 1993, Sun et al. 1994, Ding et al. 1995, Jacobs et al. 1995,
Tsuei et al. 1995, Kelley et al. 1996, Kendziora et al. 1996, Lee et al. 1996, Sacuto et
al. 1997, Wei et al. 1998, Willemin et al. 1998b, Bhattacharya et al. 1999, Kirtley et
al. 1999, Li et al. 1999, Vobornik et al. 1999), which can be classified into being bulk
sensitive and surface sensitive. For example, the techniques to measure the magnetic
penetration depth and polarized Raman scattering are bulk sensitive. ARPES is
essentially a surface-sensitive technique. However, the ARPES data for BSCCO
should nearly reflect the bulk properties since the cleaved top surface contains an
inactive Bi—O layer, and the superconducting coherent length along the ¢ axis is very
short. The single-particle tunnelling experiments can probe the bulk electronic den-
sity of states when the mean free path is far larger than the thickness of the degraded
surface layer (Ponomarev et al. 1996). Therefore, the single-particle tunnelling
experiments along the CuO, planes are almost bulk sensitive because of a large in-
plane mean free path (greater than 100 A). In contrast, the phase-sensitive experi-
ments based on the Josephson tunnelling are rather surface sensitive, so that they
might not probe the intrinsic bulk superconducting state if the surfaces are strongly
degraded. In this case, the observed product I, Ry of the critical current multiplied by
the junction normal-state resistance will be very small compared with the
Ambegaokar—Baratoff limit. Then the OP symmetry at surfaces may be different
from that in the bulk (Bahcall 1996). Therefore, the surface- and phase-sensitive
experiments do not necessarily provide an acid test for the intrinsic bulk OP sym-
metry.
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Here, we identify the intrinsic bulk pairing symmetry for both electron- and hole-
doped cuprates from the existing bulk- and nearly bulk-sensitive experimental results
such as the magnetic penetration depth, Raman scattering, single-particle tunnelling,
Andreev reflection, nonlinear Meissner effect, neutron scattering and ARPES. These
experiments consistently show that the dominant bulk pairing symmetry in hole-
doped cuprates is of an extended s-wave type with eight line nodes, and of an s-wave
type in electron-doped cuprates. The proposed pairing symmetries do not contradict
with some surface- and phase-sensitive experiments which show a d-wave pairing
symmetry at the degraded surfaces. We also quantitatively explain the phase-
sensitive experiments along the ¢ axis for both BSCCO and YBCO.

3.1. The order parameter symmetry in Bi,Sr,CaCu,Og,,

We first examine the high-resolution ARPES data obtained for BSCCO crystals
(Ding et al. 1995, Vobornik et al. 1999). From the ARPES data, one can determine
the angle dependence of the superconducting gap with a resolution as high as
+2meV (Vobornik et al. 1999). Owing to the complication arising from a possible
superlattice contribution in the X quadrant, we use the data obtained for only the Y
quadrant to extract the gap function. In figure 13, we show the angle dependence of
the superconducting gap 4(#) in the Y quadrant for slightly overdoped and heavily
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Figure 13. The angle dependence of the superconducting gap 4(f) in the Y quadrant for
BSCCO crystals: (a) slightly overdoped sample with 7. = 87K; (b) heavily overdoped
sample with 7. = 60 K. The magnitudes of the gap were extracted from ARPES data
(Ding et al. 1995, Vobornik et al. 1999). Here 6 is the angle measured from the Cu-O
bonding direction.
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overdoped BSCCO single crystals. The data were taken from the work of Ding et al.
(1995) and Vobornik er al. (1999). Here 6 is the angle measured from the Cu—O
bonding direction. For the slightly overdoped sample (figure 13 (a)), the gap Ap at
0 = 45° (diagonal direction) is very small (3.5 +2.5meV), and the gap symmetry
could be consistent with a d-wave symmetry, that is 4(f) = 4cos(26). On the
other hand, the gap along the diagonal direction (I'-Y) for the heavily overdoped
sample (figure 13 (b)) is not small (9 + 2meV), which is obviously not consistent with
the d-wave pairing symmetry. A similar evolution of the gap function with the
doping has been observed by the bulk-sensitive polarized Raman scattering
(Kendziora et al. 1996), which also shows that the difference between the magnitudes
of the gaps along the Cu—O bonding direction and the diagonals becomes smaller
and smaller towards overdoping.

Now the question arises as to what functional form of 4(f) can fit the angle
dependence of the gap shown in figure 13. In general, the gap can be expressed as
A(0) = Ag + A4 cos (20) + A, cos (40) + - --. In the case when 44 ~ 0, one has

A(0) = Alcos (40) + s, )

where s is the parameter reflecting the isotropic s-wave component. This gap func-
tion has eight line nodes for s <1, while there are no nodes for s > 1. The gap
function (equation (9)) is also called the extended s-wave (denoted as the s*-wave)
function. The polarized Raman data for an optimally doped HgBa,CaCu,Og,, are
in good agreement with the s*-wave gap function (Sacuto et al. 1997). If we take the
absolute value of 4(6), then

|4(0)] = |A[cos (40) + s]|. (10)

We fit the data of figure 13 by equation (10). It is remarkable that the fits are
rather good. This indicates that the ARPES data may be consistent with the
extended s-wave symmetry. The ARPES specified maximum gap 4y at 6 =0 for
the slightly overdoped sample is 36 + 3 meV, which is much larger than the value
(approximately 28 meV) determined from break junction spectra (Miyakawa et al.
1998). On the other hand, the ARPES-determined A4, value (15+ 2meV) for the
heavily overdoped sample with 7, = 60K is very close to the value (18 +£2meV)
inferred from a break junction spectrum of a similar crystal with 7, = 62K. The
discrepancy in the former case may be due to the fact that the doping level in the top
layer where the ARPES probes could be slightly lower than in the bulk (i.e. the top
CuO, layer might be slightly underdoped). Thus, the ARPES experiments on the
BSCCO single crystals are nearly bulk sensitive.

If the proposed gap functions (equations (9) and (10)) are indeed relevant, they
should be also consistent with other bulk-sensitive experimental results such as the
in-plane magnetic penetration depth ), (7). Since there are eight line nodes in the
proposed gap function, the change in the in-plane penetration depth at low tempera-
tures should be proportional to T. Following the procedure in the paper by Kosztin
and Leggett (1997), we can readily show that the slope

A\ (T)  A\p(0)In2 (1 + s>]/2

o 1—s

11
a7 Ay (D)

Compared with the d-wave symmetry, the magnitude of the slope d\,,(7)/dT is
enhanced by a factor [(1+5)/(1 —s)]'/% In terms of Ay and Ap, we find that
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s = (4y — 4p)/(4dy + 4p) and A = (4y + 4p)/2. Then, equation (11) can be
rewritten as
In2
dr (4w 4p)"

It is interesting to see that d,,(7")/[A\(0) dT] is inversely proportional to (4 Ap)'?,
namely the geometric average of 4,; and 4. From equation (12), we can calculate
dA\,,(T)/dT using the measured A, (0) = 2690 + 150 A for BSCCO with T, = 90K
(Prozorov et al. 2000a), and the values of 4y, and Ap deduced from figure 1 (a). The
calculated dA,,(7)/dT is 14 & 2AK™', which is very close to the measured value
(12+2AK™") (Jacobs et al. 1995, Lee et al. 1996, Prozorov et al. 2000a). In con-
trast, if the pairing symmetry is d-wave, the calculated dM\,(7)/dT is
45+06AK™" which is a factor of three smaller than the measured value.
Therefore, the extended s-wave symmetry extracted from the ARPES data is in
quantitative agreement with the A\, (7T) data (Jacobs et al. 1995, Lee et al. 1996,
Prozorov et al. 2000a).

Single-particle tunnelling spectroscopy can probe the superconducting density
of states with fine energy resolution and considerable directionality. For an isotropic
s-wave superconductor, the characteristic d//dV versus V curve in the point-contact
superconductor—insulator—normal-metal tunnelling junctions exhibits a step-like
peak at a voltage V|, = 4/e. For an anisotropic gap function 4(#), the directional
dependence of the tunnelling differential conduction is given by (Suzuki et al. 1999a)

dr (= eV —il
7 JO (6 —6))R ({(eV s A%@)]‘”)N(G) de, (13)

where N (6) represents the anisotropy of the band dispersion, I’ is the lifetime broad-
ening parameter of an electron, p(6 — 6,) is the angle dependence of the tunnelling
probability and 6, is the angle of the direction perpendicular to the tunnelling
barrier. According to the Wentzel-Kramers—Brillouin approximation, p(6 — 6,)
decays exponentially as p(6 — 6,) = exp [—3sin® (8 — 6,)]. The parameter 3 decreases
with decreasing barrier resistance Ry. For simplicity, we assume a cylindrical Fermi
surface, so that both N(6) and 3 are independent of the angle. This will not change
the basic features of the d//dV curve. In figure 14 we show the numerically calcu-
lated results of the renormalized d//dV for a gap function 4(f) = 4[cos (46) + s]
with 4 =24 meV and s =0.25. One can readily show that the maximum gap is
Ay = (14+5)4=30meV at § =0, and the gap along the diagonal directions is
Ap = (1 —5)4 = 18 meV. From figure 14, one can see that either two or four peak
features appear clearly in the d//dV curves, depending on the tunnelling barrier
direction and/or the 3 value. For a small 3 value (corresponding to a small barrier
resistance), four peak features are well defined (see curve A). The peak positions are
located at eV = +4y and £A4p. Therefore, from the peak positions, we can
determine 4y and 4p.

In figure 15, we plot the normalized d//dV curve at 14K for a superconductor—
insulator—superconductor (SIS) break junction on a BSCCO crystal which is slightly
overdoped (T, = 90K) (Mourachkine 1999). The junction has a very low barrier
resistance (about 200€) (Mourachkine 1999), indicating a small 3 value. It is
remarkable that there are four well-defined peak features in the spectrum, which
resembles curve A in figure 14. When the barrier resistance is above 2 k€2, the inner
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Figure 14. Numerically calculated curves of the renormalized d//dV for a gap function of
A(0) = Alcos(40) + s] with 4 = 24meV and s = 0.25. The four curves correspond to
different values of the parameters I', 3 and 6y, which are indicated in the figure. Curves
A, B and C are vertically shifted up by 3, 2 and 1 respectively.
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Figure 15. Normalized d//dV curves at 14K for the SIS break junctions on a slightly
overdoped BSCCO crystal. The spectra were taken from the paper by Mourachkine (1999).
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gap features disappear (Mourachkine 1999), in agreement with curve B in figure 14.
We would like to mention that, for SIS break junctions, the peak positions are
located at eV =424y and +24p. From the spectra, we obtain
Ay =26+0.5meV and Ap =9.5+0.5meV. The 4,, value obtained from the
break junction spectrum is the same as that found from the c-axis intrinsic tunnelling
junction made of the insulating Bi—O layers (Miiller et al. 2000). From the 4, and
Ap values, we deduce a gap function 4(6) = A[cos (40) + s] with 4 = 17.75meV and
s = 0.46. Similarly, the earlier break junction spectra for overdoped BSCCO with
T.=86K also indicate double-gap features at 4y, =24+2meV and at
Ap = 12 £ 1 meV (Buschmann ez al. 1992). The tunnelling spectra are in good agree-
ment with ARPES data for overdoped BSCCO with T, = 83K (Ma et al. 1995). The
ARPES experiment clearly showed that Ay; =204+ 2meV and Ap = 124+ 2meV
(Ma et al. 1995). Moreover, the inner gap features also appear in the SIS break
junction spectra of a heavily overdoped crystal with T, = 62K, corresponding to
Ap = 7.59.0meV (DeWilde et al. 1998, Ozyuzer et al. 2000). The magnitude of Ay,
is in excellent agreement with that found from ARPES experiment (see figure 13 (b)).

We would like to point out that the values of 4y, determined from Raman
spectrum of B, symmetry may be overestimated because the extended van Hove
singularity is slightly below the Fermi level. In this case, the spectra would show
double peaks at Raman shifts of 24y, and 2(43; + ng)]/z, where £y is the energy
position of the van Hove singularity below the Fermi level. When &, < 4y, one can
only see a single broad peak close to Z(Aﬁ,[ + f%H)]/z owing to a high density of states
at the extended van Hove singularity.

3.2. The order parameter symmetry in YBa;CuzO;_,

Evidence for an extended s-wave pairing symmetry in YBCO also comes from
the single-particle tunnelling spectra. Figure 16 shows the scanning tunnelling
spectrum for a slightly overdoped YBCO crystal (Maggio-Aprile et al. 1995). Four
peak features appear in this spectrum, which is similar to curve D in figure 14. From
the peak positions, we obtain A4y = 30 =2meV and A = 19 & 1 meV. The size of
Ay = 30meV is consistent with a break junction spectrum (Ponomarev et al. 1996),
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Figure 16. Scanning tunnelling spectrum for a slightly overdoped YBCO crystal. The
spectrum was taken from the paper by Maggio-Aprile et al. (1995).
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and a scanning tunnelling spectrum along the a-axis direction (Wei et al. 1998). A
gap feature with Ap = 19meV was also seen in a scanning tunnelling spectrum (Wei
et al. 1998) which is very similar to curve C in figure 14.

Now we discuss the Andreev reflection. Since there is sign change about its nodal
directions in our extended s-wave OP, the Andreev-bound surface states can be
formed. This will lead to a zero-bias conduction peak if tunnelling is nearly along
one of the nodal directions and the Fermi velocities between the cuprates and normal
metals (e.g. silver and gold) are well matched. For hole-doped cuprates, the Fermi
velocity vp strongly depends on the angle 6, that is vp is low along the bonding
direction, and high along the diagonal directions. This implies that the observation
of the Andreev reflection is difficult for tunnelling along the bonding direction since
the value of vg along this direction is low compared with that of gold or silver.
Owing to the strong anisotropy of vg in cuprates, the Andreev reflection mainly
probes the gap feature at eV = Ap. If tunnelling is along one of the diagonal direc-
tions, and the angle between the nodel and diagonal directions is far larger than the
tunnelling half-angle (depending on (), one can see an s-wave-like gap approxi-
mately equal to Ap in the Andreev reflection spectra. Indeed an s-wave-like gap
feature at eV =~ 20meV has been observed in the Andreev reflection spectra of
several YBCO crystals with 7, = 90K (Yagil et al. 1995). We would like to mention
that, in general, the double-gap features should also appear in the Andreev reflection
spectra when the 3 value is small.

The tunnelling data of YBCO (figure 16) are thus consistent with a gap function
A(0) = Alcos (40) + 5] with 4 =24.5meV and s = 0.225. This gap function is in
quantitative agreement with the g-axis penetration depth data (which reflect
magnetic screening in CuO, planes) for a fully oxygenated YBCO crystal (Kamal
et al. 1998). From equation (12), we calculate d\,(7)/dT = 40AK™" by using
2.(0) = 1600A (Kamal et al. 1998), Ap = 19meV, and 4y = 30meV. We shall
obtain the same value of d\,(7)/dT if we use Ap =21meV and 4y =27meV.
The measured value of d\,(7)/dT is 4AK™" (Kamal er al. 1998).

Now we calculate the temperature dependence of A%, (0)/\2,(T) for the s*-wave
gap function. For a cylindrical Fermi surface (Jacobs et al. 1995)

)‘217(0) 1 J2nJoo 8f
Zab 4 — = 14
- dode = (14)

Here E =[&+4°(0,T)]"?, f is the Fermi-Dirac distribution function,
A(0,T) = A(T)[cos (40) +s] and A(T) = Atanh [2.2(T/T, —1)"%] (Thelen e al.
1993). In figure 17, we compare the experimental data for YBCO (open circles)
(Kamal et al. 1998) and the numerically calculated result (solid curve) for the
above-deduced gap function 4(6) = 24.5[cos (40) + 0.225]meV. It is remarkable
that the data are in quantitative agreement with the calculated result without any
fitting parameters. The broken curve is the calculated result for a d-wave gap func-
tion A(6) = Ay cos (20) with 4y = 30meV. It is clear that the agreement between
the data and the calculated curve is poor for the d-wave symmetry.

The gap function of YBCO deduced from the tunnelling and the \,(7) data is
also consistent with the measured transverse magnetization my in the Meissner state
(Bhattacharya et al. 1999), as plotted in figure 18. This bulk-sensitive experiment
shows a very small sine fourfold component of the transverse magnetization, which
is at least four times smaller than the predicted value from the d-wave symmetry.
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Figure 17. Temperature dependence of the a-axis /\i(O)/Ai(T) for a very high-quality YBCO
crystal with 7, = 88.7K: (——), calculated curve for the s*-wave gap function
deduced from the tunnelling spectrum in figure 16; (- - - -), calculated curve for a d-
wave gap function with 4y; = 30 meV. The data were taken from the paper by Kamal
et al. (1998).
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Figure 18. Sine Fourier amplitudes of the transverse magnetization m in the Meissner state
for a high-quality YBCO crystal: ( ) predicted sine Fourier amplitude at 2n/4 for
the s*-wave gap function deduced from the tunnelling spectrum in figure 16 and the a-
axis A\,(7) data in figure 17; (- - - -), predicted amplitude for a d-wave gap function.
The data were taken from the paper by Bhattacharya et al. (1999).

This indicates that the dominant pairing symmetry is not of a d-wave type. Using the
formulae in the paper by Zutic and Valls (1997), we can calculate the fourfold sine
component of the transverse magnetization for the s*-wave gap function deduced
above. We find that the value of m for the s*-wave OP is a factor of 8.9 smaller than
for the pure d-wave OP. The predicted sine Fourier amplitude at period 2n/4 is
indicated by a horizontal solid line in figure 18. It is clear that the predicted ampli-
tude is below the noise level, which is about 5 x 10" '®emu (Bhattacharya er al.
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1999). Therefore, the negligibly small nonlinear Meissner effect observed in YBCO is
in agreement with the s*-wave OP rather than with the d-wave OP.

3.3. The order parameter symmetry in La,_,Sr,CuQOy

The polarized Raman scattering data (Chen et al. 1994) for nearly optimally
doped LSCO with T, =37K yield 24y /kgT, = 7.7. From the measured value of
dAs(T)/[Aep(0)dT] for the optimally doped LSCO (Panagopoulos et al. 1999), one
can readily calculate 2(Ay AD)]/z/kBTC = 4.2 using equation (12). Then we find
24p/kgT, = 2.3, that is Ap = 3.8 meV. This value is in good agreement with the
Andreev reflection spectrum of an optimally doped LSCO (Deutscher et al. 1997),
which shows an s-wave-like gap feature at e}’ ~ 3.5meV. Therefore, three indepen-
dent bulk-sensitive experiments on optimally doped LSCO consistently suggest a gap
function A4(6) = 8.1[cos (40) + 0.53] meV with 4 = 3.8 meV and 4y = 12.5meV.

Now we can quantitatively explain the neutron scattering experiment on an
optimally doped LSCO single crystal (Lake er al. 1999). The experiment shows
that low-energy magnetic excitations are peaked at the quartet of wave-vectors
(0.5£0.135, 0.5) and (0.5, 0.5+ 0.135) in the normal state, and a spin gap with
an energy of about 6.7meV appears in the low-temperature superconducting state.
The magnitude of the spin gap should be equal to twice the superconducting gap
along the incommensurate wave vectors (that is at § = 39°) (Mason et al. 1996).
From the gap function deduced above, we calculate 24(39°) = 6.2meV, in remark-
ably good agreement with experiment. Moreover, it was also found (Lake ez al. 1999)
that the spin gap at §# = 45° is 6 + 2meV, which is consistent with 24, = 7.6 meV
within the experimental uncertainty. Obviously, the d-wave gap function is in-
compatible with the large spin gap observed along the diagonal direction. In con-
trast, the s*-wave OP for LSCO is in quantitative agreement with the neutron
experiment.

3.4. The order parameter symmetry in electron-doped cuprates

The recent measurements of A, (7) in an electron-doped Pr;gsCey5CuOy_,
(PCCO) reveal contradictory results (Alff et al. 1999, Prozorov et al. 2000b). In a
high-quality PCCO thin film with the lowest residual resistivity and the highest T,
the temperature dependence of [\, (7)) — A,;(0)]/A,(0) is consistent with an s-wave
pairing symmetry with a reduced energy gap 24(0)kgT, = 2.9 (Alff et al. 1999). On
the other hand, the low-temperature A\, (7T) in less ideal PCCO single crystals
exhibits a power-law temperature dependence, as expected from a dirty d-wave
superconductor (Prozorov et al. 2000b).

We show that these apparently conflicting data might well be reconciled by a
deeper understanding of how microstructure affects screening. It is well known, for
example, that the screening length in a weakly coupled Josephson array of grains is
dominated by the magnitude and temperature dependence of the Josephson coupling
current between array elements (Giovannini and Weiss 1978). Thus, tunnel coupling
across grain boundaries and/or planar defects (weak links), rather than the BCS
response of the grains themselves, mainly determines the magnetic screening length,
surface resistance and critical current (see the review article by Halbritter (1999)).
The extrinsic effect due to the weak links can lead to a linear 7' dependence in the
effective A\, (7) at low temperatures and to a large residual surface resistance
(Halbritter 1992). Similarly, Hebard et al. (1991) showed that the current-induced
nucleation of vortex—antivortex pairs at defects can make an additional extrinsic
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contribution to the screening length, that is a pinning penetration depth Asb(T).
Within this scenario, \,,(7) in zero magnetic field is given by (Hebard et al. 1991)
P (0
) =520 (15
where 1 = T/T,, X', (0) = [(DO/HC(O)](ZNd/n)]/2, @, is the flux quantum, Ny is the
areal density of uniformly distributed defects and H (0) is the zero-temperature
critical field. In the presence of the external dc field H, the expression for
AP (0,H) has to be modified (Halbritter 1992). The total screening length is
Aap (1) = {I\5 (0] + [)\Sb(t)]z}]/z, where AL () is the intrinsic London penetration
depth (Hebard et al. 1991). Assuming an s-wave pairing symmetry, we readily
show that )\, (7") at low temperatures (below 0.24(0)/kp) is given by

PO (n <0>> " e ( A<0>> L 20 ~ DGO .

T) = 0) +—= -
Aap(T) = Agp(0) + s (0) (ZkBT kgT Aap(0)T?

(16)

It is clear that the 72 dependence of A, (7) at low temperatures in zero field can
be completely caused by the extrinsic effect, that is the nucleation of vortex—
antivortex pairs at defects. If N, is negligible, \,,(0) = AL,(0), and the second
term in equation (16) is absent. Then we recover the BCS expression
(Miihlschlegel 1959)

1,2
A1) = 20(0) + 200 (S52) " exp (- 12 ). (1)

In figure 19 (a), we plot the temperature dependence of A, (T) below 6K for a
PCCO single crystal. The data are from the paper by Prozorov et al. (2000b). The
zero-temperature in-plane penetration depth A, (0) was measured to be about
2500A (Prozorov et al. 2000b). This crystal shows T9™ at 22K (defined by the
onset of diamagnetism), and 7™ at 19K (defined as the inflection point on A (7))
(Prozorov et al. 2000b). A wide superconducting transition in this crystal manifests
the rather low quality of the crystal.

We fit the data by equation (16) with two fitting parameters 4(0) and AL, (0), and
with a fixed 7, = 20.5K (the average of 7™ and T™). The solid curve is the curve
fitted by equation (16). It is remarkable that the fit is very good. This can be seen
more clearly in figure 19 (b) where the difference between the data and the fitted
curve is plotted. There is a negligible systematic error (the deviation is less than the
magnitude of the data scattering). From the fit, we find that 4(0)/kg =29.6+0.1K
and AL (0) = 1643 A. The deduced AL;(0) is in excellent agreement with the value
(1600 + 100 A) obtained from the optical data (Homes et al. 1997). The magnitude of
24(0)/kg T, = 2.9 is also the same as deduced from a high-quality film where the 7
term is absent (Alff ef al. 1999). The value of 4(0) justifies the fit to the data below
6 K, namely 0.24(0) /kg. Therefore, the A,,(7T) data for the crystal are in quantitative
agreement with a dominant s-wave pairing symmetry. .

From the values of AL, (0) and X,,(0), we calculate AP (0) = 1884 A. Using the
relation AP, (0) = [(130/HC(O)](ZNd/Tt)]/2 and H (0) =2kOe (Wu et al. 1993), we
estimate that Ny = 5.2 x 10'°cm ™2, corresponding to one defect over 1333 copper
sites. This implies that a small density of defects can produce quite a large AP, (0),
which contributes a substantial 72 term in A, (7).
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Figure 19. (a) Temperature dependence of A, (7)) below 6K for a PCCO single crystal:
(—), fitted curve by equation (16) with 24(0)/kgT. = 2.9 and /\51,(0) = 1643 A.
The value of /\51, (0) was found to be 1600 + 100A from the optical data (Homes et
al. 1997). (b) The difference between the data and the fitted curve. The data are from
the paper by Prozorov et al. (2000b).

In order to rule out the possibility that the data can be also consistent with a d-
wave symmetry in the dirty limit, we plot the data as 1 — A\2,(0)/A2,(T) versus T? in
figure 20. It is apparent that the quantity 1 — A2,(0)/X2,(T) is proportional to T
below about 5K. For a dirty d-wave superconductor, a crossover from 772 to T
dependence should be seen at a temperature T* & [A,(0)1n2]/[4y(0)dN,,/dT?],
where Ay;(0) is the maximum gap at zero temperature (Hirschfeld and Goldenfeld
1993). Using A, (0) = 2500A (Prozorov et al. 2000b), d\,/dT> =3.7AK™>
(Prozorov et al. 2000b), and 4y,(0) = 2.5T, (Stadlober et al. 1995), one finds that
T* ~ 9 K. There is no such crossover at any temperatures up to 11K (see figure 20).
Only a possible crossover from the 7 to a higher power-law dependence is seen at
about 5K. Therefore, the data cannot agree with the d-wave pairing symmetry.
Furthermore, the absence of the linear T term in )\, (7) indicates that the extrinsic
contribution to M\, (7T') due to weak links (Halbritter 1992) is negligible in this crystal.

In figure 21, we show [A,,(T) — \,5(0)]/A,5(0) as a function of temperature for a
high-quality PCCO thin film. The data are from the paper by Alff et al. (1999). The
film has the lowest residual resistivity (less than 50 u€2 cm) and the highest 7, (24 K)
reported for the PCCO system (Alff ez al. 1999). This indicates the high quality of the
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Figure 20. The T’ dependence of the quantity 1 — /\ib(O)/Aib(T) over 0.4-10.8 K for the
same PCCO crystal as that used for figure 19. The crossover from the T’ toa higher
power-law dependence starts at about 5 K. There is no crossover from the T’tothe T
dependence at 7* ~ 9K.
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Figure 21. Temperature dependence of [Ay(7T) — A (0)]/Aap(0) for a high-quality PCCO
thin film with the lowest residual resistivity and the highest 7,.: (——), fitted curve
by equation (17) with 24(0)/kgT, = 2.7. The data are from the paper of Alff et al.
(1999).

film, which was grown using molecular-beam epitaxy. The optimal quality of the film
may be because homogeneous oxygen reduction can be easily achieved in thin films.
Since the data at low temperatures are quite flat, it appears that there is neither a T
nor a T contribution. We thus fit the data below 6.5K by equation (17) with one
fitting parameter A4(0). The best bit gives 4(0)/kg = 31.9 £ 0.1 K, which justifies the
fit to the data below 6.5K (~ 0.204(0)/kg). This leads to 24(0) /kg T, = 2.7, which is
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nearly the same as that deduced above for the less ideal crystal where there is a
significant 72 term in A, (7) due to the existence of defects. All these results con-
sistently suggest that the pairing symmetry in electron-doped cuprates is anisotropic
s-wave type with no line nodes.

Polarized Raman scattering (Stadlober et al. 1995) has also shown that the
symmetry of the order parameter in Ne,g4CeqsCuO,_, (NCCO) is consistent
with an anisotropic s wave. If we use 4y =2.57, (Stadlober et al. 1995)
and the minimum gap A4, =147, (from the \,(T) data), we find that
A4(0) = 1.15[3.52 + cos (40)]meV for an electron-doped cuprate with 7, =24 K.
Therefore, three bulk-sensitive experiments consistently indicate an anisotropic s-
wave pairing symmetry in electron-doped cuprates.

3.5. Phase-sensitive experiments along the c-axis direction
The most reliable phase-sensitive experiment is the atomically clean BSCCO
Josephson junctions between identical single-crystal cleaves stacked and twisted an
angle ¢, about the ¢ axis (Li et al. 1999). The quality of the junction is nearly the
same as that of the intrinsic Josephson junctions made of the Bi—O insulating layers.
Theoretically, it has been shown that the critical current /. of the twist junction is
(Klemm et al. 1998)

I, Z mAgcos (L), (18)
0

where ¢ =0,1,2,..., and n, < n, for £ > 1. The above equation indicates that the s-
wave component contributes to the critical current much more effectively. The
experiment (Li er al. 1999) shows that the I, value is nearly independent of the
twist angle ¢,, and the temperature dependence of 7. is consistent with the
Ambegaokar—Baratoff model for an s-wave superconductor. This indicates that
the s-wave component in this material must be significant compared with the
other high-angular-momentum components. For slightly overdoped BSCCO, we
have found that the gap function is A4() = 17.75[cos (46) + 0.46] meV for
T.=90K, and 4(6) = 18[cos (46) + 0.33]meV for T.=86K. Then we have
A, =6-8meV, which is not small compared with the g-wave component
4, = 18meV. Since 7, < ny (Klemm ez al. 1998), the dominant contribution to
the I, should be the s-wave component, as observed (Li et al. 1999). From the
magnitude of the s-wave component, we can calculate [ Ry =
(n/2e)4, = 9—-12meV. The measured I Ry value is about 8 mV (Li ef al. 1999).
This is in quantitative agreement with the predicted value, considering the fact
that the strong coupling effect can reduce the I, Ry value by more than 20%.
Another reliable phase-sensitive experiment is the c-axis Pb/YBa2Cu3O77y
Josephson junction experiment (Sun et al. 1994). This junction can be described as
SINS' (where S = YBCO, S’ = Pb, I represents the insulating layer and N represents
the normal-metal layer). Owing to a very short coherent length &, along the c-axis
direction, the bulk gap will be strongly depressed at the S—I interface; the depression
factor is ¢/&, (where c is the lattice constant along the ¢ axis) (Miiller 1995). From
& =&,/ (where ~y is the mass anisotropy parameter and equal to about 8 for
optimally doped YBCO (Willemin et al. 1998c)), we obtain &, = 1.7A by taking
€4 = 14 A. Therefore, the gap size at the S—I interface will be suppressed by a factor
of about seven. Since the bulk s-wave component 4, in slightly overdoped YBCO is
3-5meV (see §3), this component at the S—I interface should be reduced to 0.4—



1364 G.-M. Zhao

0.7meV. Then the I Ry value is calculated to be 0.93-1.27mV, in quantitative
agreement with the measured value (about 0.9 mV) (Sun et al. 1994).

Now we discuss another c-axis Josephson tunnelling experiment in which a
conventional superconductor (lead) is deposited across a single twin boundary of
a YBCO crystal (Kouznetsov et al. 1997). Because lead is an s-wave superconductor,
the lead counterelectrode couples only to the s-wave component of the YBCO OP. If
YBCO were predominantly d wave, any small s-wave component added to the
dominant d-wave component would change sign across the twin boundary. In this
case, magnetic fields parallel to the boundary would produce a local minimum in /,
at B =0, in agreement with the observation (Kouznetsov et al. 1997). The experi-
mental results thus provide evidence for mixed d- and s-wave pairing symmetry in
YBCO near the twin boundary with a reversal in the sign of the s-wave component
across the boundary. However, if the bulk OP symmetry in a single domain were also
d + s or d — s, one would expect a nearly zero /, in heavily twinned crystals. The fact
that the observed I Ry in heavily twinned crystals (Sun ef al. 1994) is nearly the same
as that in the single-domain crystal rules out the bulk (d +s)- or (d — s)-wave OP
symmetry in YBCO. Therefore the only possibility is that the OP near the twin
boundary rather than in the bulk is the d +s or d — s wave, and/or that half-flux
is always trapped in the twin boundary. Theoretically it has been demonstrated that
the bulk g-wave component could be changed into d-wave component near the
interface (Shevchenko and Sushkov 1998). As shown above, the dominant compo-
nent of the bulk OP in YBCO is the g wave, which could be changed into the d wave
near the boundary.

3.6. Phase-sensitive experiments along CuQ, planes

The phase-sensitive tricrystal experiments on both hole- and electron-doped
cuprates (Tsuei and Kirtley 2000, Tsuei et al. 1995, 1996) show that the OP symmetry
is the d wave, in contradiction with the above conclusion drawn from many bulk-
sensitive experiments. In order to resolve the discrepancy, it should be noted
that the tricrystal experiments are rather surface sensitive, so these experiments are
probing the OP symmetry at the surface or interface, rather than in the bulk. Based
on the Ginzburg—Landau free energy, Bahcall (1996) has shown that the OP
symmetry near surfaces or interfaces can be different from that in the bulk if the
bulk OP is strongly suppressed at the surfaces. Experimentally, the observed I.Ry
values in all the tricrystal experiments are about two orders of magnitude smaller
than the intrinsic Ambegaokar—Baratoff limit. For example, in the optimally doped
YBCO, the magnitude of the maximum gap Ay;(0) is about 30 meV (Ponomarev et
al. 1996, Wei et al. 1998). Then the intrinsic [ Ry value should be equal to the
Ambegaokar—Baratoff limit n4,,(0)/2e = 47mV, which has been confirmed by a
nearly ideal SIS break junction experiment (Ponomarev et al. 1996). However, the
observed IRy values in the tricrystal experiments on YBCO and Tl,Ba,CuOg,,
(Tsuei et al. 1995, 1996) are about 1.8 and 0.5mV respectively. These values are
about two orders of magnitude smaller than the intrinsic bulk values. Similarly, the
observed I Ry value in the NCCO and PCCO tricrystal experiments is about 0.1 mV,
as inferred from the measured critical current density J, = 6Acm 2 (Tsuei and
Kirtley 2000) and the empirical relation between I.Ry and J, (Kleefisch et al.
1998). This I Ry value is also about two orders of magnitude smaller than the
intrinsic bulk value, which is estimated to be about 8 mV with Ay,(0) = 2.5T,
(Stadlober et al. 1995). Therefore, the OP at the interfaces of the grain-boundary
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junctions must be strongly depressed in order to explain such small 7, Ry values. This
strong depression in the OP ensures the condition under which the OP symmetry
near surfaces or interfaces can be different from that in the bulk (Bahcall 1996).
Hence, it is very likely that the tricrystal experiments are detecting the OP
symmetry at the degraded interfaces, which may be different from the intrinsic one
in the bulk.

There is another way to explain the tricrystal experiments. It was shown that the
interfaces of the grain-boundary junctions are intrinsically underdoped (Mannhart
and Hilgenkamp 1999). For underdoped cuprates, the superconductivity mainly
arises from the Bose—FEinstein condensation of preformed pairs (Alexandrov 1998).
In this case, the symmetry of the superconducting condensate is different from the
pairing symmetry (Alexandrov 1998). The former is d-wave type while the latter is s-
wave type (Alexandrov 1998). Since Josephson tunnelling probes the symmetry of
the superconducting condensate, the d-wave symmetry of the condensate is con-
sistent with the tricrystal experiments.

§4. NEUTRON RESONANCE PEAK

Over the last decade, inelastic neutron scattering (INS) experiments have
provided important insight into the basic physics of high-temperature super-
conductors. In particular, the magnetic resonance peak has been generally observed
in the double-layer cuprate superconductors such as YBCO (Bourges er al. 1995,
1996, Fong et al. 1995) and BSCCO (Fong et al. 1999, He et al. 2001) with various
doping levels but is not observed in the single-layer cuprates LSCO (Lake et al.
1999). The peak was observed in the superconducting state and at a two-dimensional
wave-vector Qar = (w, ). The implications of these observations for the mechanism
of high-temperature superconductivity are under intense debate. Prominent features
in angle-resolved photoemission and optical conductivity spectra have been attrib-
uted to interactions of this bosonic mode with fermionic quasiparticles (Abanov and
Chubukov 1999, Carbotte et al. 1999). In a more exotic approach (Demler and Zhang
1995), the INS data are explained in terms of a collective mode in the particle—
particle channel whose quantum numbers are spin 1 and charge 2. This model
predicts that the resonance peak energy E, is proportional to the doping level p.
Other models based on a spin—fermion interaction also show that E, increases with
increasing p (Abanov and Chubukov 1999, Morr and Pines 1998, Brinckmann and
Lee 1999). All these models are difficult to explain the very recent INS experiments
on overdoped BSCCO (T, = 83K) (He et al. 2001). The experiments have clearly
demonstrated that . does not continue to increase towards overdoping but is nearly
proportional to T, (He et al. 2001). Qualitatively, this important experimental obser-
vation can be explained by a simple particle-hole excitation across the d-wave super-
conducting gap (Fong et al. 1995, Yin et al. 1997), which in turn should be
proportional to T,, at least in the overdoped range.

Here we present quantitative explanations for the neutron resonance peak and
the spin gap observed in YBCO and BSCCO based on the extended s-wave OP
symmetry in a single CuO, plane (see §3) and opposite signs of the OPs in the
bonding and antibonding electron bands formed within Cu,0O, double layers
(Mazin and Yakovenko 1995). In this picture, the neutron resonance peak is due
to the excitation of electrons from the bonding band below the superconducting gap
to the antibonding band above the superconducting gap.
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We start first with a plot of the Fermi surface for slightly underdoped BSCCO
with 7, = 88 K (figure 22). The Fermi surface shown in figure 22 was extended from
a part of the Fermi surface that was determined by ARPES (White ef al. 1996). One
can see that only four electron wave-vectors at the Fermi surface are connected by
the AF wave-vector Q. Each of these vectors forms an angle of . with respect to
the Cu—O bonding direction. Owing to spin-flip electron excitations across the
superconducting gap, the neutron scattering amplitude at Q,p becomes significant
above a threshold energy (Mazin and Yakovenko 1995)

E, = 24(6)). (19)

Since magnetic scattering is odd with respect to the time reversal, the BCS coherence
factor in the neutron scattering amplitude vanishes unless the gap Ay has opposite
signs for the electron wave-vectors k and k + Qp (Fong et al. 1995, Mazin and
Yakovenko 1995). For an extended s-wave state, the gap function is
A(8) = Alcos (49) +s]. It is clear that the condition Aydy.q, < 0 is not satisfied
for the extended s-wave state in a single CuO, plane. However, if the OP has
opposite signs in the bonding and antibonding electron bands formed within
Cu,0, double layers, the neutron scattering amplitude can be enhanced by the
BCS coherence factor. This naturally explains why the resonance peak is not
observed in the single-layer LSCO compound. Because of the existence of the
extended van Hove singularity below the Fermi level (King et al. 1994), a sharp
neutron resonance peak should occur at (Mazin and Yakovenko 1995)

E; = A(6:) + {[4(6)) + &u}'?, (20)

where &, is the energy of a saddle point below the Fermi level along the 6, direction.
The ARPES experiment on YBa,Cu,Og (Gofron et al. 1994) showed that the saddle
points extend from 6 = 0 to +20° with a sharp and large density of states lying at
20 + 10meV below the Fermi level. This implies that a sharp neutron resonance peak
should be observed when 6, < 20°. For 6, > 20°, the neutron resonance peak will
become broader, and its position is pushed away from the threshold energy. Since 6,
increases with a decrease in the doping level (see below), we shall expect that both E,
and FE, decrease and the resonance peak width increases as the doping level
decreases. This is in qualitative agreement with experiment (Bourges et al. 1995).

From equations (19) and (20), it is easy to calculate E, and E, if one knows the
gap function 4(#) and the 6, value. From the measured Fermi surface, one can
readily determine .. For example, we find 6, = 18.4° for a slightly underdoped
BSCCO from figure 22. For optimally doped YBCO, there are two Fermi-surface
sheets (Schabel et al. 1997); so we take the average of the two Fermi surface sheets to
evaluate the 6, value, which is about 16.0°. In figure 23, we show the doping
dependence of the 6, values, which are determined from the measured Fermi surfaces
(White et al. 1996, Schabel et al. 1997, Golden et al. 2000, Legner et al. 2000).
The doping level p is calculated from an empirical relation 7, =
TMX[] — 82.6(p — 0.16)%], where T™* = 935K for YBCO and 95K for BSCCO.
It is interesting to see that 6, increases with decreasing p, as expected.

For slightly overdoped BSCCO with 7,~ 90K, the gap function is
A4(0) = 17.8[cos (40) 4+ 0.46] meV. With 6, = 15.6°, we obtain 4(6,) = 16.4meV and
E, =32.8meV. For BSCCO, tunnelling spectra (Suzuki ez al. 1999b) show double-
peak features slightly above T; one peak feature is related to a pseudogap 4, of
about 20meV, and the other to the van Hove singularity at (A2 +&4)? =30 meV
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Figure 22. The Fermi surface for slightly underdoped BSCCO with 7, = 88 K. This Fermi
surface is extended from a part of the Fermi surface that was determined by the

ARPES studies (White et al. 1996).
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Figure 23. The doping dependence of the 6, values, which are determined from the measured
Fermi surfaces (White et al. 1996, Schabel ef al. 1997, Golden et al. 2000, Legner et al.
2000). The doping level p is calculated from an empirical relation
T./T™™ =1—82.6(p —0.16)*, where T™™ =93.5K for YBCO and 95K for

BSCCO.

From this result, we obtain & =22meV. With & =22meV, we calculate
E. =43.8meV. The measured E,. value for a slightly overdoped BSCCO crystal
(T, =91K)is 43 + 3meV (Fong et al. 1999). As discussed above, the Raman spectra
of the B, symmetry should show a peak future at the Raman shift of
2(43 + fﬁH)'/z‘ Using 4y =26meV and &y = 22meV, we find the peak position
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Figure 24. The imaginary part of dynamical spin susceptibility as a function of excitation
energy for YBa,Cu;0g97. The figure was reproduced from the paper by Bourges ez al.
(1996).

at about 68meV, in good agreement with the experimental result (about 66 meV)
(Kendziora, Kelley and Onellion 1996).

The gap function for slightly overdoped YBCO is given by
A4(0) = 24.5[cos (40) + 0.225] meV (see above). Substituting 6, = 16° into the gap
function, we obtain A(f,) = 16.3meV. In addition, the Raman spectrum of the
B, symmetry in YBCO shows a sharp peak future at the Raman shift of about
65-70meV (Cooper et al. 1988). Using 2(43; + £44)"/? = 65meV and Ay, = 30meV,
we obtain §,y = 18meV. Then we calculate E, = 32.6meV and E, = 40.6meV. In
figure 24, we plot the imaginary part of dynamical spin susceptibility as a function of
excitation energy for YBa,Cu;0Og¢,;. The figure was reproduced from the paper by
Bourges ez al. (1996). It is apparent that the calculated values for both E, and E| are
in quantitative agreement with the experimental result shown in figure 24.

§5. PAIRING INTERACTION

In conventional phonon-mediated superconductors, the glue which binds two
electrons or holes into the Cooper pair is the lattice deformation which provides
an effective attractive force. The lattice deformation is not the only mechanism
providing the microscopic attractive interaction between two charge carriers.
Owing to high-7, superconductivity and a very small isotope effect in optimally
doped cuprates, many theorists have turned their minds towards an alternative
glue of a purely electronic origin. The original idea that electrons themselves can
be attracted to each other stems from the work of Little (1964) and Ginzburg (1968),
who argued that, under certain conditions, localized electrons could change the
repulsive Coulomb interaction between mobile carriers into an effective attraction.
Kohn and Luttinger (1965) applied the BCS theory to fermions repelling each other
at a short distance and came to the conclusion that two fermions can form non-
spherical (e.g. d-wave) Cooper pairs at very low temperatures. This was possibly
owing to the screening effect from other fermions, as discovered earlier by Friedel
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(1954). Based on the fact that many high-7, materials have their AF insulating
counterparts such as La,CuQ,, Schrieffer ef al. (1989) identified magnetic polarons
(spin bags) as the source of the pairing mechanism. Millis et al. (1990) argued that
the magnetic interaction between carriers due to AF fluctuations could explain the
high-T, and the anomalous normal-state properties in cuprates. In a more exotic
theory, Anderson (1998) proposed that a very strong electron—electron repulsion
could lead to charge and spin separation and to high-7, superconductivity.

At present, no consensus has been reached concerning the pairing interactions in
the high-T, cuprates. Since the parent insulating compounds are AF, it is natural to
expect that the AF fluctuations should play a significant role in the pairing. On the
other hand, the large and unconventional isotope effects observed in cuprates (see
§2) suggest that the electron—phonon interactions should be seriously taken into
account in the description of the basic physics of cuprates.

There are several important facts which appear not to indicate that the AF
fluctuations are important in bringing about high-temperature superconductivity.
First, 7, does not correlate with the magnetic scattering intensity; the magnetic
scattering in YBa,Cu;0; is significantly reduced compared with that in
YBa,Cu;0¢4, while the T, values of the two compounds are similar (Bourges
1998). Secondly, there is negligible magnetic scattering in the normal state (300 K)
below 30meV in YBa,Cu;Oq o5 corresponding to about 3.2% of the copper atoms
carrying a spin 1 (Smith er al. 1998). Thirdly, the pairing symmetry is of an extended
s-wave type in hole-doped cuprates and an anisotropic s-wave type in electron-doped
cuprates, in contrast with the pure d-wave state predicted by the magnetic fluctuation
scenario.

Moreover, the recent neutron scattering and ARPES experiments place even
more serious constraints on the role of the spin fluctuations. Based on the spin—
fermion model, Abanov and Chubukov (1999) have demonstrated that the neutron
magnetic resonance peak and the peak, dip and hump features observed in angle-
resolved photoemission spectra are due to feedback effects on the damping of spin
fluctuations in a d-wave superconductor. The model predicts that the resonance peak
energy E, is inversely proportional to the spin correlation length, and thus increases
with increasing doping level p. Another important prediction is that E, exactly equals
the peak-dip separation Eg, — E, in the angle-resolved photoemission spectra.
Indeed, the INS and ARPES experiments on slightly overdoped BSCCO are in
quantitative agreement with the theoretical prediction, namely E, ~ Eg, — Ep in
this particular compound. However, a very recent neutron experiment on overdoped
BSCCO (T, = 83K) (He et al. 2001) does not support the theoretical prediction; E,
does not continue to increase towards overdoping but is proportional to 7. In figure
25, we plot the dependence of E, on T,. In the underdoped range, the theory is in
qualitative agreement with the experimental results, while the disagreement becomes
apparent in the overdoped range.

Recently, the angle-resolved photoemission spectra have become available for
BSCCO with various doping levels. In figure 26, we reproduce the angle-resolved
photoemission spectra for BSCCO from the paper by Ding et al. (2000). We select
some spectra with well-defined peak and dip features to determine the values of
Egip, — Epi. In figure 27, we show Eg, — E, as a function of 7. The value of
Eg4ip, — Epi for heavily overdoped BSCCO (7, = 60K) is obtained from an angle-
resolved photoemission spectrum in the paper by Vobornik et al. (1999). We can see

that the separation Eg, — Epy is nearly independent of 7 or the doping level p. This
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Figure 25. The dependence of the neutron resonance peak energy E; as a function of 7.: (),
(O), (O), results for YBCO obtained by three independent groups. (After He et al.
(2001).)
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Figure 26. The angle-resolved photoemission spectra for BSCCO with different doping
levels. The vertical lines mark the positions of some well-defined peak and dip features.
For example, the label OD72K represents an overdoped sample with 7, = 72 K. (After
Ding et al. (2000).)
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Figure 27. Egip — Ep¢ as a function of T¢, as determined from some spectra (indicated by
vertical lines) in figure 26. The value of Eg, — Ey for heavily overdoped BSCCO
(T. = 60K) is obtained from an angle-resolved photoemission spectrum published
by Vobornik et al. (1999).

is in sharp contrast with the resonance peak energy E. which is approximately
proportional to T,. Therefore, from figures 25 and 27, we can conclude that E, is
not equal to Eg, — Ep. This is in serious contradiction with the theoretical pre-
diction based on a strong interaction between spin fluctuations and charge carriers
(Abanov and Chubukov 1999). In fact, we have shown that E, is related to the
particle—hole excitations across the superconducting gap (see §4). The dip feature
in the angle-resolved photoemission spectra can be well explained by a strong inter-
action between charge carriers and bosonic excitations (presumedly phonons) with
an energy of about 20meV (Wermbter and Tewordt 1992). Below we shall further
show that, in the 90 K superconductors, the strong interaction between charge car-
riers and the phonons with an energy of about 20meV is in quantitative agreement
with tunnelling and optical spectra, as well as the general phonon density determined
by neutron experiments and lattice dynamics calculations.

For conventional superconductors, an isotropic electron—phonon spectral
density a’>F(w), which reflects the pairing strength, can be determined from tunnel-
ling data in the superconducting state (Carbotte 1990). In principle, information on
o F(w) can also be obtained through inversion of optical data although this has only
been accomplished for lead. Recently, Marsiglio et al. (1998) introduced
a dimensionless function W(w) which is defined as the second derivative of the
normal-state optical scattering rate 7 '(w) = (Qf)/4n)3%afl(w) multiplied by fre-
quency w. Here Q,, is the bare plasma frequency and o(w) the normal-state optical
conductivity. Specifically,

1 d w
- 2nde? T(w)’

W(w) (21)
which follows directly from experiment, provided that the data on o(w) is sufficiently
accurate that a meaningful second derivative can be taken, possibly after smoothing.
Marsiglio et al. (1998) made the very important observation that, within the phonon
range, W(w) ~ o’F(w). Beyond the phonon range, W (w) can be negative but this
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does not distract from the fact that W(w) can be used to obtain the shape and
magnitude of o*F (w). Application of equation (21) to the normal-state conductivity
of K;5Cqo (Marsiglio er al. 1998) gave an o’F(w) in excellent agreement with INS
data on the phonon frequency distribution F(w). In the superconducting state, the
phonon that is strongly coupled to electrons will appear at an energy of 24 + wy,
(where wy, is the phonon energy), that is the energies of the phonon structures shift
upwards by the pair-breaking energy 24.

Therefore, the electron—phonon (electron—boson) spectral density can be
obtained from both optical and tunnelling data. Accurate reflection measurements
at infrared wavelengths are now available for a variety of the copper oxides, which
allow one to extract precisely W (w) ~ o’ F(w) (Carbotte ez al. 1999, Schachinger and
Carbotte 2000). On the other hand, it is difficult to obtain reliable tunnelling spectra
for high-temperature superconductors owing to a short coherent length.
Nevertheless, to our knowledge, there are two high-quality tunnelling spectra for
slightly overdoped YBCO (Wei ef al. 1998) and BSCCO (Gonnelli et al. 1997). We
shall provide a coherent picture for the pairing interaction responsible for high-
temperature superconductivity in cuprates by comparing the optical, tunnelling,
APRES, and neutron data. These data consistently show a very strong coupling
feature at wp, ~ 20 meV.

In figure 28, we show normalized conductance data for scanning tunnelling
microscopy on a slightly overdoped YBCO crystal with a Pt-Ir tip at 4.2K (Wei
et al. 1998). The crystal has T, =~ 90 K with approximately 1 K transition width (Wei
et al. 1998). The tunnelling spectrum shows a negligible zero-bias conductance and
thus represents the intrinsic density of states of the CuO, planes in YBCO (the
normal carriers near oxygen vacancies in the chains would contribute a large zero-
bias conductance). It is striking that the strong-coupling features similar to that in
conventional superconductors can be clearly seen in the spectrum (as indicated by
the arrows). The strong-coupling features correspond to a very strong coupling
between charge carriers and the phonons with w,, = 19meV. The phonon density
of states in optimally doped YBCO also reveals a large peak at about 20 meV

3 T T T T T T T
YBCO
=)
g 2r ®ph =19 meV -
T
£
[}
£
> 1r 1
=
o
0 . .

-150 -100 -50 0 50 100 150
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Figure 28. The normalized conductance data from scanning tunnelling microscopy on a

slightly overdoped YBCO crystal with a Pt-Ir tip at 4.2K. The strong-coupling

features (indicated by arrows) at a bosonic energy of 19meV are clearly seen in the
spectrum. (After Wei et al. (1998).)
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Figure 29. The electron—phonon spectral density azF(w) for an optimally doped BSCCO

crystal, which was deduced from an SIS break-junction spectrum (Gonnelli et al.
1997).

(Renker et al. 1988). Further, the lattice dynamics calculation (Nozaki and Itoh
1993) indicates that the large peak at 18 meV mainly comes from vibrations of the
oxygen and copper atoms. Thus, the Ilow-energy phonon mode with
wph = 18-19meV has a strong coupling with conduction electrons.

In figure 29, we plot the electron—phonon spectral density o’F(w) for an
optimally doped BSCCO crystal, which was extracted from an SIS break-junction
spectrum (Gonnelli ez al. 1997). A strong-coupling feature at an energy of about
20 meV is clearly seen. This feature also corresponds to the large peak in the phonon
density of states at about 20meV.

As discussed above, the strong-coupling feature should also appear in the optical
data, that is in W (w). Since there are two gap features in the extended s-wave gap
function of hole-doped cuprates, one should expect two peak futures in W(w) at
24y + wpp and at 24 + wyy,. For optimally doped YBCO, 4y = 27-30meV and
Ap = 19-21meV, the two peak futures would be separated by about 6-11meV,
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Figure 30. The optically determined electron—phonon spectral density W (w) for a slightly
overdoped BSCCO crystal with 7, = 90 K. (After Schachinger and Carbotte (2000).)
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which is too small to be resolved. Instead, one should see a single broad peak at
about Ay + Ap +wpy ~ 68 meV, in remarkably good agreement with the experi-
mental result (Carbotte et al. 1999). For slightly overdoped BSCCO with
T.=90K, 4y =26-27meV and 4p =9.5meV. So one should expect two peak
features in W(w) at 38 meV and at 72-74meV. This is in excellent agreement with
the experimental result reproduced in figure 30 (Schachinger and Carbotte 2000).
The double-peak features at about 38 meV and at 74 meV are well resolved owing to
a large difference between 4, and 4y, in this compound. The much larger amplitude
of W(w) along the maximum gap direction indicates a much stronger electron—
phonon coupling which leads to a much larger gap. Therefore, the extended s-
wave pairing symmetry and strong electron—phonon coupling at the phonon energy
of about 20 meV are in quantitative agreement with tunnelling, neutron, optical and
ARPES spectra.

§6. PAIRING THEORY

In the previous section, we have clearly demonstrated that the AF fluctuations do
not play an important role in bringing about high-temperature superconductivity. In
contrast, the strong electron—phonon interaction and the formation of polaronic
carriers are crucial to the understanding of the physics of cuprates. A correct theory
should be able to explain quantitatively the pseudogap in the normal state, the
supercarrier mass anisotropy, the isotope effects, the doping and 7, dependences
of the penetration depth, and some other physical properties. Here we shall attempt
to explain all these properties quantitatively and consistently.

We start with the normal-state susceptibility x(7"). The temperature dependence
of the normal-state susceptibility in cuprates is very different from that in con-
ventional metals. It was found (Johnston 1989) that x(7) exhibits a broad peak at
a temperature T,,,,. Such behaviour was interpreted in terms of the two-dimensional
AF correlation between copper spins. However, Nakano et al. (1994) have shown
that, at low temperatures, x(7T) strongly deviates from the prediction of the two-
dimensional AF model. Furthermore, the magnitude of x(7T) is proportional to the
electronic specific heat (Loram ez al. 1996), implying that x(7) reflects the density of
states of the conduction electrons rather than the localized spin correlation.
Alternatively, Alexandrov et al. (1996) explained the normal-state susceptibility
data on the basis of their small-(bi)polaron theory which predicts a temperature-
dependent spin susceptibility: yaxm(7T) = Bso T2 exp (=4y,/2T), where Ay, is the
bipolaron binding energy and B, is a constant depending on the effective masses of
polarons and bipolarons (Alexandrov et al. 1996). If we consider a possible co-
existence of Fermi-liquid-type carriers and (bi)polarons, the total susceptibility for
the two-component system is x(7") = foxakm(7T) + (1 — fi)xF + xcv- Here f; is the
fraction of the domains (in momentum or real space) occupied by the (bi)polaronic
carriers, x is the susceptibility contributed from the Fermi-liquid-type carriers and
Xev 18 the total orbital contribution. Then

A
() = £ T Pexp (- 52 4 x, @)

Figure 31 shows the temperature dependence of the normal-state susceptibility
for LSCO. For x =0.20, a small Curie paramagnetic susceptibility has been sub-
tracted. The horizontal line indicates the total orbital contribution, as determined
from the ®*Cu Knight shift (Song er al. 1993). The solid curves in figure 31 represent
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Figure 31. The temperature dependence of the normal-state susceptibility for LSCO

(Reproduced from the paper by Muller er al. (1998).) The total orbital contribution

Xcv 1s indicated by a horizontal line, as determined from the $Cu Knight shift (Song et
al. 1993).

the fitting curves using equation (22). The fitting is excellent for all the compositions.
It is interesting to see that, for x > 0.09, (1 — f;)x # 0, that is the Fermi-liquid-type
carriers set in. From the more extended x(7) data (Loram et al. 1996), one sees that,
for x < 0.10, only (bi)polaronic charge carriers exist, and that the fraction of the
Fermi-liquid carriers increases monotonically with x for x > 0.10. Therefore, the
theory of bipolaronic superconductivity should be applied for x < 0.10.

Figure 32 shows the composition dependences of the bipolaron binding energy
Ay, and Ey /2 = g*hw. Here E_ is an energy corresponding to the maximum ac
conductivity in the mid-infrared region (Bi and Eklund 1993), w is the characteristic
optical phonon frequency and g is related to the polaron mass enhancement factor
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Figure 32. The strontium content dependences of the bipolaron binding energy 4y, and
En/2= gzhw for LSCO. (Reproduced from the paper by Miiller ez al. (1998).) Here

E,, is an energy corresponding to the maximum ac conductivity in the mid-infrared
region (Bi and Eklund 1993).
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exp (gz). Since Tpax = 4y according to equation (22), we include 7,4 values (open
triangles) as determined by Johnston (1989). In fact, the data in the paper of
Johnston (1989) can be excellently fitted by equation (22) over a wide temperature
region (50-800K) (Miiller ez al. 1998). From the figure, one can also see that 4, is
proportional to 1/x (4, = 6.9meV/x) for 0.06 < x < 0.15; below x = 0.05, 4, is
nearly doping independent; above x = 0.15, 4, decreases more rapidly. All these
features are predicted by the theory of Alexandrov et al. (1996). Furthermore,
the magnitude of 4, is about 44meV for x =0.15, in excellent agreement with
the c-axis optical conductivity which starts to decrease below about 45meV
(Uchida 1997). This provides compelling evidence that the pseudogap deduced
from the susceptibility data is the charge gap rather than the spin gap.

Now a question arises about the physical origin of the two components. As we
know that the parent insulating cuprates are charge-transfer insulators, so doped
holes mainly reside on the oxygen orbitals as long as the charge-transfer gap is larger
than a critical value. The doped oxygen holes can form polarons and bipolarons
owing to a strong electron—phonon interaction (Alexandrov and Mott 1995). This
should be the case for x < 0.10, as schematically depicted in figure 33 (a). Such an
electronic structure can be constructed from the constrained ‘local-density approxi-
mation + U’ calculation. When the doping level increases, the charge-transfer gap
gradually decreases (Raimondi et al. 1993). Above a critical doping level, the charge-
transfer gap becomes small enough to form a single band which should be similar to
that predicted by slave-boson calculations that take into account a strong electron—
electron correlation on the copper sites (see the review article by Markiewicz (1997)).
This should happen for x > 0.25, as plotted in figure 33 (b). For 0.10 < x < 0.25, it is
natural to expect an inhomogeneous electronic state which might be a linear combi-

a b
0]
E
F EF —_
LDA +U Slave-Boson
Xx<0.10 x> 0.25

Figure 33. The schematic electronic structures for hole-doped cuprates. For x < 0.10, the
electronic structure is consistent with a doped charge-transfer insulator and can be
constructed from the local-density approximation +U method. Doped holes mainly
reside on the oxygen orbitals. For x > 0.25, the electronic structure is in agreement
with the prediction of the slave-boson calculation which has taken into account a
strong correlation effect.
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nation of the two stable electronic structures shown in figures 33 (a) and (b). This
could explain the coexistence of two types of charge carrier implied by the normal-
state susceptibility data.

The above scenario also points towards a large Fermi surface for x > 0.10 and
small hole pockets for x < 0.10 in LSCO. The critical doping level for such a cross-
over may differ from system to system. Since the fraction of the electronic structure
of figure 33 (b) (corresponding to a large Fermi surface) increases with increasing
doping level x, the photoemission intensity will increase with increasing x. All these
features are consistent with experiment (Markiewicz 1997). Furthermore, this picture
is in quantitative agreement with the doping dependences of the carrier density # and
the bare plasma frequency AQ, (o (n/mb)'/z), as shown in figures 34 and 35. From
figure 34, one can see that the residual sheet resistance at 1% Zn doping is consistent
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Figure 34. The residual sheet resistance at 1% Zn doping for doped LSCO and YBCO.
(After Fukuzumi et al. (1996).)
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Figure 35. The doping dependence of the bare plasma frequency AQ, (o (n/mb)]/2) in
LSCO. (After Tamasaku et al. (1994).)
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with the fact that n = x for x < 0.15, and n =1 — x for x > 0.25. Because of the
experimental uncertainty, it is likely that » = x holds only for x < 0.10. This is in
agreement with the result shown in figure 35 where we can see clearly that n ~ x with
my, = 0.5m, for x < 0.10 (where m, is the electron mass). From the deduced m,, we
can calculate the bare hopping integral ¢, = hz/Zazmb = 0.5¢V. This value is just
equal to the geometric average of the calculated bare hopping integrals 7, and 7,
for the oxygen orbitals (z,,, = 0.87¢V and 7,,, = —0.26eV (McMahan er al. 1983)).
This consistency justifies the electronic structure shown in figure 33 (). Owing to a
large anisotropy in the hopping integrals, the oxygen bands are almost one dimen-
sional. Further, the polaronic mass enhancement factor could be larger along the
directions with a much smaller hopping integral (Kornilovitch 1999). This will
increase the anisotropy further so that the oxygen polaron bands become more
one-dimensional like, in agreement with the observation of the extended van Hove
singularity (Dessau et al. 1993, Gofron et al. 1994). The measured band dispersion
for the slightly overdoped BSCCO can be best described by a sum of the one-
dimensional-like oxygen bands and the band predicted by slave-boson calculations.
Because of the interaction between the two types of carrier, we may still consider it as
a single band when we discuss the low-energy physics.

For x > 0.25, the band dispersion is similar to that calculated from the slave-
boson method. The predicted bandwidth from the slave-boson calculation
(Markiewicz 1997) is nearly the same as that determined from the ARPES studies
(Dessau et al. 1993). Furthermore, the calculated plasma frequency A, is about
1.7¢V for x =0.3 (Markiewicz 1997), in remarkably good agreement with the
measured value (1.8eV) for x = 0.3 (see figure 35).

Now we turn to discussion on the electron—phonon interaction in doped cup-
rates. Perhaps the most intriguing experimental evidence of a large and anomalous
electron—lattice interaction comes from INS experiments on various high-tempera-
ture superconducting materials (Pintschovius and Reichardt 1994, McQueeney et al.
1999, Petrov et al. 2000). These experiments clearly show that the Cu—O bond
stretching mode in the CuO, planes is very strongly coupled to the doped holes.
The average frequency of this mode is about 75meV in La,gsSr;;5CuO,
(McQueeney et al. 1999), and about 60 meV in YBa,Cu;0¢4, (Petrov et al. 2000).
The infrared spectra of the oxygen-isotope-exchanged YBCO indicate that the
frequency of this mode shifts down by about 4% upon replacing '°O with 'O
(Crawford et al. 1988). The result is in good agreement with a theoretical calculation
(Henn et al. 1997). Therefore the Cu—O stretching mode, which is related to
vibrations of both oxygen and copper atoms in the CuO, planes (Henn et al.
1997), may play an important role in the physics of cuprates.

The strong coupling of the stretching mode with doped holes may lead to the
formation of polarons and bipolarons. In the theory of bipolaronic super-
conductivity, Alexandrov and Mott (1995) considered apical-oxygen hole polarons
and bipolarons. However, we believe that the in-plane oxygen holes form polarons
and bipolarons since doped holes are mainly from the in-plane oxygen orbitals
(Pellegrin et al. 1993). In this case, we might expect that the effective mass of the
intersite bipolaron is approximately twice the polaron mass. We shall see that this
scenario is able to explain quantitatively several physical properties such as the
doping dependences of the isotope effects, the supercarrier mass anisotropy, and
the penetration depth in the doping region of x < 0.10 where nearly all the charge
carriers are (bi)polarons.
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As discussed above, the effective hopping integral for intersite bipolarons in the
CuO, plane is

0¥~ 0.5t exp (—g°). (23)

Along the ¢ axis, the intersite bipolaron behaves like the on-site bipolaron whose
effective mass is strongly enhanced (Alexandrov et al. 1996). The hopping integral is
in general written as (Alexandrov and Mott 1995)

% = ZCexp (—2g° S S - 24
=g, o) ; (1 + k] Ayp) (24)
In the case when fw < A4y, < 2¢*hw, one has

2\ A 2¢°h
% =27 (hwzltb ) exp {—Zg2 _h_ZJ 1 +1n < ‘i‘b t : (25)
p p

From this equation, one readily sees that r** decreases rapidly with increasing
Ay, and g*. Using m¥* = #* /24”5 and m?** = #* /2d*(¥* (where d is the interlayer
distance), we define the supercarrier mass anisotropy ~ = (m**/m¥)!/? =
(@5 d? ). Similarly, the bare mass anisotropy is -y, = (m,/mgy)"* =
(aztab/dztc)]/z'

With n = x, the inplane penetration depth A, (0) for x < 0.10 is given by

12
Ay (0) = <M> . (26)

8melxt,,

k=)

From figure 32, we have determined that 4, = 6.9 meV/x, &~ 0.180/x for %0 and
g* ~0.187/x for 0. Here we have taken fiw = 75.0meV for '°0 and 72.1 meV for
80 (see the above discussion). We also know that % ~ 5 (Allen et al. 1987) and
t,, = 0.5eV. With these unbiased parameters and using equations (23), (24) and (26),
we can calculate the doping dependences of ~ (for both '°O and *0), of Am¥/m}¥,
of Am**/m** and of A\, (0). The calculated results (solid and broken curves) are
shown in figure 36 together with the experimental data (full and open circles). It is
remarkable that the theory is in quantitative agreement with experiment in all cases.
In particular, the calculated supercarrier mass anisotropy increases rapidly with
decreasing x and depends strongly on the oxygen mass at low doping levels x, in
agreement with the experimental results. Thus, the experimental results in deeply
underdoped cuprates strongly support the theory of bipolaronic superconductivity.

Now let us consider the physics of optimally doped and overdoped cuprates. We
believe that the coexistence of the Fermi-liquid carriers (with a large Fermi surface)
and the one-dimensional-like polaronic carriers (with small hole pockets) is the key
for understanding the superconductivity in optimally doped and overdoped cup-
rates. The polaronic effects still play an essential role in bringing about high-
temperature superconductivity in this doping regime. As discussed above, the
phonon modes at about 20 and 70meV are strongly coupled with doped holes.
When the Fermi energy Ep in the oxygen bands is smaller than these phonon
energies, the phonon-induced effective interaction between carriers is non-retarded
so that the real-space pairing (e.g. intersite bipolaron formation) becomes possible.
This should be the case for x < 0.10 in LSCO. In contrast, EFr may lie in between 20
and 70meV in the high-doping regime, so that the pairing interaction becomes
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Figure 36 The calculated supercarrier mass anisotropy v = (m**/m*#)"/* (for both '*0 and
B0), Am*¥ /i, Am** /m** and )\, (0) as functions of the doping level x (——, - - - - - ).
Here A means a small change upon the oxygen-isotope substitution. The experlmental
data (@, O) were taken from the work of Uemura et al. (1989), Kimura et al. (1996),
Zhao et al. (1998a), Willemin et al. (1999), and Hofer et al. (2000a,b).

retarded for low-energy phonons and remains non-retarded for high-energy
phonons. The retarded electron—phonon coupling for low-energy phonons could
be treated within the Migdal approximation, while the non-retarded electron—
phonon coupling for high-energy phonons should be modelled separately within
the polaron theory. The strong coupling between doped holes and high-energy
phonons may lead to a polaronic mass enhancement and to an attractive non-
retarded potential between doped holes. The polaronic holes could then form k-
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space Cooper pairs by interacting with low-energy phonons. The problem could thus
be solved within Eliashberg equations with an effective electron—phonon
spectral density for low-energy phonons and a negative Coulomb pseudopotential
produced by high-energy phonons. This approach was even applied to conventional
superconductors (Carbotte 1990) where all the electron—phonon couplings are
retarded. We believe that this approach should be more suitable for the present
case since the Coulomb pseudopotential introduced in the Eliashberg equation is
more or less non-retarded. Within this simplified approach, the effective electron—
phonon coupling constant ), for low-energy phonons is enhanced by a factor
Jo = exp(g?). The effective Coulomb pseudopotential p* is negative and also pro-
portional to f,. The effective electron—phonon spectral density W*(w) 1s equal to
W(w)/f, since the effective plasma frequency is reduced by a factor of fp

For slightly overdoped BSCCO, g* can be evaluated from the mid-infrared
optical conductivity which exhibits a maximum at E, =~ 0.12eV (Quijada et al.
1999). With E,, = 0.12eV and fw = 75meV, we find that ¢* = E,, /2hw = 0.8, lead-
ing to f, =2.2. From the result shown in ﬁgure 30, we can extract the effective
electron—phonon spectral density W*(w) &~ a2 F(w) after correcting for the polaro-
nic mass enhancement factor. The result is plotted in figure 37. It is striking that the
deduced agffF (w) from the optical data is in excellent agreement with that deduced
from the tunnelling spectrum (see figure 29). Using the spectral density, we calculate
Aep = 2.6. If there were no polaronic mass enhancement due to high-energy phonons,
the coupling constant contributed from low-energy phonons would be about 1.2.
With p* = 0.1 and A\, = 1.2, we calculate T, = 18 K according to the 7, formula

) ~1/2
kyT. = 0.25h(w?)"/? [exp ()\ > - 1} , (27)

eff

where

*

Aep — 14
120 4+ App*t(Nep)

)‘ef f —

BSCCO

(0)F(w)

2
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Figure 37. The effective electron-phonon spectral density W*(w) ~ aF(w), which is
extracted from figure 30 after correcting for the polaronic mass enhancement factor
and shifting the peak position downwards by 24,; = 54 meV.
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The function #(),) is plotted in figure 2 of the paper by Kresin (1987). In the present
case, h(wz)]/2 is contributed only from low-energy phonons and equal to 20 meV.
Therefore, without high-energy phonons, 7, would not be higher than 20 K. The
high-energy phonons enhance the electron—phonon coupling constant by a factor of
2.2 and cause a negative p*. It is also likely that the interactions of electrons with
high-energy bosons of electronic origin make p* more negative. If we take
p*=-0.14 and A, =206, we can obtain T7,=91K. This leads to
ky T, /h(w?)"* = 0.39, and 24(0)/ky T, ~ 7 according to the known relation between
kyT,/h(w?) and 24(0) /ky T, (Carbotte 1990). The measured 24(0)/ky T, is indeed
close to the prediction.

In terms of the above approach, we can calculate the total isotope exponent «
using equations (27) and (28) as well as the relations A ocf,, p* ocfy,
t(Aep) = 1.8/ for A, = 2-4 (Kresin 1987). The calculated o = —0.005. The nearly
zero isotope exponent arises because the isotope dependences of )., and p* due to
polaronic effects cancel out the isotope effect on the pre-factor in equation (27).
Therefore, the observed very small isotope effect in optimally doped 90K super-
conductors is naturally explained within this picture. Moreover, the substantial
isotope effect on the effective supercarrier mass even in optimally doped cuprates
is also a natural consequence of the fact that polarons form Cooper pairs and
condense into supercarriers.

Since Fermi-liquid carriers and polaronic oxygen holes coexist, the super-
conducting transition temperature of the two-component system should be modified.
The detailed theoretical studies of the two-component system have been reported in
a recent publication (Perali et al. 2000). If the superconducting transition tempera-
ture in the Fermi-liquid band is low, there will be a small mass enhancement for this
type of carrier. For slightly overdoped BSCCO, the fraction of Fermi-liquid carriers
may be close to 0.5. Considering that the mass enhancement factor for the
oxygen holes is f,(1 + \g,) = 8, the average mass enhancement factor for the two-
component system should be about 4-5, in agreement with experiment (Quijada et
al. 1999).

§7. CONCLUDING REMARKS

From previous sections, we have clearly demonstrated that the strong electron—
phonon interactions play a vital role in the physics of cuprates. The strong electron—
electron correlation on the copper sites of CuO, planes makes doped holes mainly go
to the oxygen orbitals. The doped oxygen holes strongly interact with the high-
energy stretching vibration modes. This interaction leads to the formation of polar-
ons and intersite bipolarons in the underdoped region. The polarons and bipolarons
are mobile because the oxygen bands are rather wide, and because a substantial on-
site Coulomb repulsion prevents doped holes from forming immobile on-site bipo-
larons. In the high-doping region, the polarons form k-space Cooper pairs and
superconductivity can be explained within a modified Eliashberg theory where
polaronic effects due to the interaction of doped holes with high-energy phonons
must be taken into account. Therefore, high-T, superconductivity in cuprates is a
cooperative phenomenon between strong electron—electron correlation and strong
electron—phonon coupling.

Interestingly, the concept of enhancing the electron—phonon coupling was the
original motivation for the high-T, discovery. Bednorz and Miiller (1986) argued
that there should be a strong electron—phonon interaction in perovskites with a
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strong Jahn-Teller effect. Indeed, the stretching vibration mode, which is related to
the O, type Jahn—Teller distortion, is proved to be strongly coupled to doped holes.
This high-energy Q,-like mode should be coupled with the low-energy tilting mode
(Q4/0s-like Jahn-Teller mode) if the Cu—O-Cu bonding angle is less than 180°.
Thus the low-energy phonon mode at 20 meV, which is shown to be strongly coupled
to doped holes, may be the tilting mode. Both stretching and tilting modes are
important to high-T, superconductivity and to other phenomena such as charge-
stripe instability. We also believe that the Q;-type Jahn—Teller mode does not couple
strongly with doped holes. Otherwise, the bipolarons would become immobile.
Indeed a strong coupling of the Q;-type Jahn-Teller mode with electrons in doped
manganites leads to the formation of immobile bipolarons in the paramagnetic state
(Zhao et al. 2000b). Therefore, too strong an electron—phonon interaction does not
lead to high-temperature superconductivity.
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