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We review some unconventional oxygen-isotope effects in colossal magnetore-
sistive manganites and high temperature superconducting cuprates to assess
the role of electron-phonon coupling in the basic physics of these materials.
These include the unconventional oxygen-isotope effects on the Curie tem-
perature and electrical transport in doped ferromagnetic manganites, on the
supercarrier mass of superconducting cuprates, and on the antiferromagnetic
ordering temperature of undoped parent cuprates. These unconventional iso-
tope effects clearly demonstrate that the formation of polarons/bipolarons due
to strong electron-phonon coupling is relevant to the basic physics of these
materials and may be important for the occurrence of colossal magnetoresis-
tance and high-temperature superconductivity. We also identify the phonon
modes that are strongly coupled to conduction electrons from the angle-
resolved photoemission spectroscopy, tunneling spectra, and optical data of
doped cuprates. We consistently show a strong electron-phonon coupling fea-
ture at about 20 meV along the antinodal direction, which should also be
important to the pairing mechanism of high-temperature superconductivity.

1 Introduction

Over the last decades, very interesting phenomena such as high-temperature
superconductivity and colossal magnetoresistance have been discovered in sev-
eral doped perovskite oxides (e.g., cuprates [1] and manganites [2]). These
doped oxides are characterized by strong electron-phonon interactions, signif-
icant carrier densities (≥ 1021 cm−3), and low mobility of the order or even
less than the Mott-Ioffe-Regel limit (ea2/h̄ ∼ 1 cm2/Vs) (where a is the lat-
tice constant). The very nature of the low-temperature ‘metallic’ state of these
materials cannot be understood within the framework of the canonical theory
of metals where electron-phonon coupling is rather weak and the Fermi energy
is much larger than a characteristic phonon energy. Since the electron-phonon
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interactions in these perovskite oxides are much stronger than in normal met-
als, new theoretical approaches based on the formation of polarons/bipolarons
are required to understand the basic physics of these materials.

The concept of polarons was first introduced by Landau in 1933 [3]. If an
electron is placed into the conduction band of an ionic crystal, the electron is
“trapped by digging its own hole” due to a strong Coulombic interaction of
the electron with its surrounding positive ions. The electron together with the
lattice distortions induced by itself is called polaron (lattice polaron). Lattice
polarons are not ‘bare’ charge carriers, but are the carriers which are dressed
by lattice distortions. Later on, the polaron problem was treated in great
detail. One of the examples is the Holstein’s treatment where an electron is
trapped by self induced deformation of two-atomic molecules (Holstein po-
laron) [4, 5]. In this case, the polaron moves by thermally activated hopping
at high temperatures with a diffusion coefficient ωa2 exp[−(Ep/2 − t)/kBT )],
where ω is the vibration frequency, Ep is the polaron binding energy, and t
is the bare hopping integral. Further extensive theoretical studies (for review
see [6, 7]) have shown that polarons behave like heavy particles, and can be
mobile with metallic conduction at sufficiently low temperatures. Under cer-
tain conditions [8] they form a polaronic Fermi liquid with some properties
being very different from ordinary metals.

It is well known that electrons can change their mass in solids due to
the interactions with ions, spins, and themselves. The renormalized (effective)
mass of electrons is independent of the ion mass M in ordinary metals where
the Migdal adiabatic approximation is believed to be valid. However, the
effective mass of polarons m∗ will depend on M . This is because the polaron
mass m∗ = m exp(γEp/h̄ω) [6, 9], where m is the band mass in the absence
of the electron-phonon interaction, γ is a constant, and ω is a characteristic
phonon frequency which depends on the masses of ions. Hence, there is a large
isotope effect on the polaronic carrier mass, in contrast to the zero isotope
effect on the effective carrier mass in ordinary metals.

The total exponent of the isotope effect on the effective carrier mass is
defined as β =

∑
−d ln m∗/d ln Mi (Mi is the mass of the ith atom in a unit

cell). For polaronic carriers, this definition leads to

β = −1

2
ln(m∗/m). (1)

It is interesting that the simple relation m∗ = m exp(γEp/h̄ω) is even valid
in the weak coupling region in the case of the long-range Fröhlich electron-
phonon interaction [9]. Then the polaron mass enhancement factor m∗/m in
this case is simply equal to exp(−2β).

Therefore, if electron-phonon coupling in a solid is strong enough to form
polarons and/or bipolarons, one will expect a substantial isotope effect on
the effective mass of carriers. In this article, we will review some uncon-
ventional oxygen-isotope effects in both manganites and cuprates. These in-
clude oxygen-isotope effects on the Curie temperature and electrical trans-
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port in doped ferromagnetic manganites, on the supercarrier mass of super-
conducting cuprates, and on the antiferromagnetic ordering temperature of
undoped parent cuprates. The observed large unconventional isotope effects
clearly demonstrate that the formation of polarons/bipolarons due to strong
electron-phonon coupling is relevant to the basic physics of these materials
and may be important for the occurrence of colossal magnetoresistance and
high-temperature superconductivity.

2 Polarons in manganites

Doped manganites Ln1−xAxMnO3 (where Ln is a trivalent rare earth ion
and A is a divalent ion) have been found to exhibit some remarkable fea-
tures. The undoped parent compound LaMnO3 (with Mn3+) is an insulat-
ing antiferromagnet [10]. When Mn4+ ions are introduced by substituting a
divalent ion (e.g., Ca) for La3+, the materials undergo a transition from a
high-temperature paramagnetic and insulating state to a ferromagnetic and
metallic ground state for 0.2 ≤ x ≤ 0.5 [11]. For 0.5 ≤ x ≤ 0.8, the materials
exhibit an insulating, charge-ordered and antiferromagetic ground state. The
temperature at which the insulator-metal transition occurs can be increased
by applying a magnetic field. As a result, the electrical resistance of the ma-
terial can be decreased by a factor of 1000 or more [2], if the temperature is
held in the region of the transition. This phenomenon is now known as colossal
magnetoresistance (CMR).

The physics of manganites has primarily been described by the double-
exchange model [12, 13]. Crystal fields split the Mn 3d orbitals into three
localized t2g orbitals, and two higher energy eg orbitals which are hybridized
with the oxygen p orbitals. Each manganese ion has a core spin of S = 3/2,
and a fraction (1 − x) have extra electrons in the eg orbitals with spin par-
allel to the core spin due to strong Hund’s exchange. The electron can hop
to an adjacent Mn site with unoccupied eg orbitals without loss of spin po-
larization, but with an energy penalty that varies with the angle between the
core spins. This double-exchange model accounts qualitatively for ferromag-
netic ordering and carrier mobility that depends on the relative orientation
of Mn moments which near TC will therefore be strongly dependent on the
applied field. However, Millis, Littlewood and Shraiman [14] have pointed out
that double-exchange alone cannot fully explain the data of La1−xSrxMnO3.
They suggest that lattice-polaronic effects due to strong electron-phonon cou-
pling (arising from a strong Jahn-Teller effect) should be involved. The basic
argument [15] is that in the high-temperature paramagnetic state the electron-
phonon coupling constant λ is large and the carriers are polarons, while the
growing ferromagnetic order increases the bandwidth and thus decrease λ suf-
ficiently for metallic behavior to occur below the Curie temperature TC . On
the other hand, Alexandrov and Bratkovsky [16] show that, in order to explain
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CMR quantitatively, one needs to consider the formation of small bipolarons
(pairs of small polarons) in the paramagnetic state.

Although it is generally accepted that a strong electron-phonon interaction
plays an important role in the basic physics of manganites [17], a quantita-
tive explanation of the CMR is lacking. The very nature of charge carriers in
the ferromagnetic metallic state and in the paramagnetic state is still under
intensive debate [14, 15, 16]. Moreover, electron-energy-loss (EELS) [18], and
O 1s x-ray absorption spectroscopy [19] consistently show that doped holes in
manganites are of oxygen p character as expected for doped charge-transfer
insulators. This would raise a question of whether the double-exchange mech-
anism is still valid in doped charge-transfer insulators [20]. Thus, the present
understanding of the physics in manganites is far from complete, and further
theoretical and experimental studies are essential.

2.1 Giant oxygen-isotope shift of the Curie temperature

A first observation of the oxygen isotope effect on the Curie temperature
was made in La1−xSrxMnO3+y system by Zhao and Morris in 1995 [21].
In Fig. 1, the normalized magnetizations for the 16O and 18O samples of
La0.9Sr0.1MnO3+y are plotted as a function of temperature. The oxygen iso-
tope shifts of TC were determined from the differences between the midpoint
temperatures on the transition curves of the 16O and 18O samples. It is clear
that the 18O sample has a lower TC than the 16O sample by ∼ 6.7 K. It should
be noted that since the value of y is substantial (> 0.05) when samples are
prepared below 1100 ◦C, the curie temperatures in these samples are much
higher than that for the corresponding single crystal samples where y is close
to zero. Actually the extra oxygen in the above chemical formula is caused by
the existence of cation vacancies.
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Fig. 1. Oxygen isotope effect on the Curie temperature of La0.9Sr0.1MnO3+y. The
figure is reproduced from Ref. [21].
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On the other hand, the oxygen-isotope shift of TC in La0.8Ca0.2MnO3+y

is very large [22], as seen from Fig. 2. The samples with the same isotope
mass have the same TC , while the samples with a heavier oxygen isotope
mass (about 95% of 18O) have a much lower TC . The relative isotope shift of
TC is as large as 10%. Such a large oxygen isotope shift of the ferromagnetic
transition is very unusual since lattice vibrations were believed to play no
role in the magnetic interactions of most magnetic materials. It is a clear-cut
experiment to establish what many have suspected that atomic motion must
be included in any viable description of the manganites [14]. It was also the
first experiment in condensed matter physics to demonstrate that there can
be a giant isotope shift of a magnetic transition temperature. The oxygen
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Fig. 2. Oxygen isotope effect on the Curie temperature of La0.8Ca0.2MnO3+y. The
figure is reproduced from Ref. [22].

isotope exponent is defined as usual, αO = − (∆TC/TC)/(∆MO/MO), where
both TC and the oxygen isotope mass MO are referred to a 16O sample. With
this definition, we obtain αO = 0.85 for La0.8Ca0.2MnO3+y and 0.142 for
La0.9Sr0.1MnO3+y.

The oxygen isotope effect on the Curie temperature has also been studied
in other manganite systems [23, 24, 25]. It is found that [25] the αO value
increases rapidly as the Curie temperature decreases. In Fig. 3, we plot αO vs
the Curie temperature of 16O samples. The data can be well fit by an equation

αO = 21.9 exp(−0.016TC). (2)

The above simple empirical relation between αO and TC is quite un-
expected. From a simple argument based on the double-exchange model
and the small polaron theory discussed above, one would expect that [22]
TC ∝ exp(−2αO). At least this scenario cannot quantitatively explain Eq. 2
possibly because it is too simple.
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Fig. 3. αO vs the Curie temperature of 16O samples. The data are from Ref. [25].

It is also interesting that Eq. 2 is very similar to the relation between the
pressure effect (d ln TC/dP ) and TC . Plotted in Fig. 4 is d ln TC/dP (for fixed
x = 0.3) as a function of TC . The data can also be well fit by an equation

d ln TC/dP = 4.4 exp(−0.016TC). (3)

Combining Eq. 2 and Eq. 3, one has αO = 5.0d ln TC/dP . Such a simple
relation between the oxygen isotope exponent and the pressure effect implies
that the oxygen isotope and pressure effects have the same origin, and that
the observed oxygen isotope effect must be intrinsic.
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Fig. 4. d ln TC/dP vs Curie temperature. The quantity d ln TC/dP is referred to the
pressure effect in the low pressure region. The figure is reproduced from Ref. [23].
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2.2 Oxygen-isotope effects on electrical transport below the Curie

temperature

The very nature of charge carriers and the electrical transport mechanism in
the low-temperature metallic state of doped manganites have not been fully
understood. At low temperatures, a dominant T 2 contribution in resistivity
is generally observed, and has been ascribed to electron-electron scattering
[26]. In contrast, Jaime et al. [27] have shown that the resistivity is essentially
temperature independent below 20 K and exhibits a strong T 2 dependence
above 50 K. They proposed single magnon scattering with a cutoff at long
wavelengths to explain their data. In their scenario [27], they considered a
case where the manganese eg minority (spin-up) band lies slightly above the
Fermi level (in the majority spin-down band) with a small energy gap of
about 1 meV. This is in contradiction with the optical data [28] which show
that the minimum band gap between the eg minority and majority bands is
even larger than 0.5 eV and that the size of the gap strongly depends on the
chemical pressure. Alternatively, Zhao et al. [29] have recently shown that the
temperature dependent part of the resistivity at low temperatures is mainly
due to scattering by a soft optical phonon mode.
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Various CMR theories [14, 30, 16] predict different natures of charge carri-
ers in the ferromagnetic state. In a theory by Alexandrov and Bratkovsky [16],
polarons are considered as the carriers even in the low-temperature metallic
state, while others [14, 30] believe that polaronic effects are not important
at low temperatures. The clarification of the nature of charge carriers in the
ferromagnetic state can discriminate those theoretical models. One of the ef-
fective and direct ways to prove or disprove the existence of polaronic carriers
is to study the isotope effect on the effective carrier mass. This is because the
polaron mass depend strongly on the isotope mass.

The oxygen-isotope effect on the intrinsic low-temperature resistivity has
been studied [31] in high-quality epitaxial thin films of La0.75Ca0.25MnO3

and Nd0.7Sr0.3MnO3. The residual resistivity of these compounds shows a
strong dependence on the oxygen-isotope mass. The quantitative data analyses
suggest that the nature of the charge carriers in the ferromagnetic state of
doped manganites are intermediate-size polarons.

Fig. 5 shows the resistivity of the oxygen-isotope exchanged films of
La0.75Ca0.25MnO3 (LCMO) and Nd0.7Sr0.3MnO3 (NSMO) over 100-300 K. It
is apparent that the 18O samples have lower metal-insulator crossover temper-
atures and much sharper resistivity drop. The Curie temperature TC normally
coincides with a temperature where d ln ρ/dT exhibits a maximum. We find
that the oxygen-isotope shift of TC is 14.0(6) K for LCMO, and 17.5(6) K for
NSMO, in excellent agreement with the results for the bulk samples [25].

In Fig. 6 we plot the low-temperature resistivity of the oxygen-isotope ex-
changed films of (a) LCMO; (b) NSMO. In both cases, the residual resistivity
ρo for the 18O samples is larger than for the 16O samples by about 15%. Re-
peating the van der Pauw measurements at 5 K several times with different
contact configurations indicates that the uncertainty of the difference in ρo of
the two isotope samples is less than 3%. We should mention that the intrin-
sic resistivity cannot be obtained from ceramic samples where the boundary
resistivity is dominant. Thus one cannot use ceramic samples to study the iso-
tope effect on the intrinsic resistivity. Moreover, the van der Pauw technique
is particularly good to precisely measure the resistivity difference between
the oxygen-isotope exchanged films which have the same thickness. Thus the
data shown in Figs. 5 and 6 represent the first precise measurements on the
intrinsic resistivity of the isotope substituted samples.

It is known that [33] the residual resistivity ρo ∝ m∗/nτo. Here h̄/τo is
the scattering rate which is associated with the random potential produced
by randomly distributed trivalent and divalent cations [33], and/or with im-
purities; m∗ is the effective mass of carriers at low temperatures, and n is
the mobile carrier concentration. If the chemical potential is far above the
mobility edge, ρo ∝ (m∗)2, that is, h̄/τo ∝ m∗. This is what one expects from
the simple Born approximation. On the other hand, one can show [34] that
ρo ∝ m∗ if the chemical potential is slightly above the mobility edge. There-
fore, the large oxygen-isotope effect on ρo implies that the effective mass of
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Fig. 6. The low-temperature resistivity of the oxygen-isotope exchanged films of
(a) La0.75Ca0.25MnO3; (b) Nd0.7Sr0.3MnO3. After Ref. [31].

the carriers strongly depends on the oxygen mass, as expected for polaronic
charge carriers.

If the charge carriers at low temperatures are of small or intermediate-size
polarons, the temperature dependence of the resistivity should agree with
polaron metallic conduction. This is indeed the case as recently demonstrated
by Zhao et al. [29]. There are three contributions to the resistivity: the residual
resistivity ρo, the term AT 4.5 contributed from 2-magnon scattering [35], and
the term Bωs/ sinh2(h̄ωs/2kBT ), which arises from polaron coherent motion
involving a relaxation due to a soft optical phonon mode that is strongly
coupled to the carriers [29]. Here ωs is the frequency of a soft optical mode.
The temperature dependent part of the resistivity is then given by

ρ(T ) − ρo = AT 4.5 + Bωs/ sinh2(h̄ωs/2kBT ). (4)

It was shown that the parameter B is proportional to m∗/n [29]. This
implies that B and ρo should have a similar relative change upon the isotope
substitution if the chemical potential is near the mobility edge. The coefficient
A has an analytical expression in the case of a simple parabolic polaron band
(occupied by single-spin holes) [35]. In terms of the hole density per cell n, the
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average spin stiffness D, and the effective hopping integral t∗, the coefficient
A can be written as [35]

A = (
3ah̄

32πe2
)(2 − n/2)−2(6π2n)5/3(2.52 + 0.0017

D

a2t∗
)

{ a2kB

D(6π2)2/3(0.52/3 − n2/3)
}9/2. (5)

Here we have used the relations: akF = (6π2n)1/3 (where h̄kF is the Fermi
momentum); EF = t∗(6π2)2/3(0.52/3 − n2/3) (where the Fermi energy EF is
measured from the band center); the effective spin S∗ = 2−n/2. The value of
t∗ can be estimated to be about 40 meV from the measured effective plasma
frequency h̄Ω∗

p = 1.1 eV and n ∼ 0.3 in La0.7Ca0.3MnO3 [36]. Since D is

about 100 meV Å2 (see below), one expects that the term 0.0017D/a2t∗<<
2.52, and thus can be dropped out in Eq. 5.
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Fig. 7. ρ(T ) − ρo for the 16O and 18O films of La0.75Ca0.25MnO3. The solid lines
are fitted curves by Eq. 4. After Ref. [31].

From Eq. 5, one sees that there are two parameters n and D that determine
the magnitude of A. In doped manganites, n should be approximately equal
to the doping level x. The average spin stiffness D should be close to the
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long-wave spin stiffness D(0) if there is negligible magnon softening near the
zone boundary. On the other hand, D < D(0) if there is a magnon softening
near the zone boundary as the case of low TC materials [37]. In any cases,
one might expect that the average D should be proportional to TC so that
D/kBTC is a universal constant in the manganite system. Since the magnon
softening becomes unimportant when the TC is higher than 350 K [37], then
D ≃ D(0) in the compound La0.7Sr0.3MnO3 with the highest TC = 378 K
[38]. Thus, the universal value of D/kBTC should be close to the value of
D(0)/kBTC in La0.7Sr0.3MnO3, which was found to 5.8±0.2 Å2 [38].

The ρ(T ) − ρo data below 100 K are fitted by Eq. 4 for the LCMO 16O
and 18O samples, as shown in Fig. 7. It is striking that the fits to the data
of both isotope samples are very good. The fitting parameters A, B and h̄ωs

are summarized in Table I. Since the fits are excellent, the uncertainties in
the fitting parameters are very small (see Table 1). From Table 1, one can
see that ρo increases by 15(3)%, and B by 17(3)%. This provides additional
evidence that the scattering rate h̄/τo is nearly isotope-mass independent, in
agreement with the above argument. Thus the observed large oxygen-isotope
effects on both ρo and B suggest that the effective mass of carriers depends
strongly on the oxygen-isotope mass. This is consistent with the presence of
small or intermediate-size polarons in the ferromagnetic state of manganites.

In addition, ωs decreases by about 10(1)% upon replacing 16O with 18O.
This may imply that the soft mode might be associated with the motion
of the oxygen atoms and has a large anharmonicity. It was shown that the
tilt/rotation mode of the oxygen octahedra in cuprates has a strong electron-
phonon coupling (quadratic coupling) and a large anharmonicity [39, 40]. The
large anharmonicity of the mode can possibly lead to a decrease of ωs by 12.5%
upon replacing 16O with 18O [39]. In a similar perovskite superconductor
Ba(Pb0.75Bi0.25)O3, both neutron and tunneling experiments [41] show that
a soft mode with h̄ωs/kB = 70 K is related to rotational vibrations of the
oxygen octahedra, and has a strong electron-phonon coupling. Moreover, the
frequency of the rotational mode in Ba(Pb0.75Bi0.25)O3 is nearly the same
as that of the soft mode (h̄ωs/kB = 74 K) in the La0.75Ca0.25MnO3

16O
film. Both the frequency of the soft mode and its isotope dependence can be
quantitatively explained if the soft mode in the manganites is also associated
with the rotational vibrations of the oxygen octahedra.

Now we turn to the discussion on the magnitude of the parameter A and
its isotope dependence. From Eq. 5, one can see that n and/or D should be
isotope dependent in order to explain the large isotope effect on the parameter
A. As discussed above, the D in Eq. 5 should be proportional to TC . Then one
can obtain D values from the TC values and the value of D/kBTC = 5.8 Å2

(see the above discussion). Substituting the D and A values (see Table 1) into
Eq. 5, we find n = 0.235 for the La0.75Ca0.25MnO3

16O film, and n = 0.240 for
the La0.75Ca0.25MnO3

18O film. The fact that n ≃ x for both isotope samples
is consistent with our previous interpretation of the isotope dependence of
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Table 1. The summary of the fitting parameters A, B and h̄ωs/kB for the 16O and
18O films of La0.75Ca0.25MnO3 (LCMO), and the summary of the TC and ρo values
for the LCMO films and the Nd0.7Sr0.3MnO3 films (NSMO). The uncertainty in TC

is ±0.3 K. The uncertainty in ρo is discussed in the text.

Compounds TC ρ0 A B h̄ωs/kB

(K) (µΩcm) (mΩcm/K4.5) (µΩcm/K) (K)

LCMO(16O) 231.3 122.4 1.20(2)×10−11 0.370(3) 74.4(2)
LCMO(18O) 217.3 140.5 1.89(2)×10−11 0.434(3) 66.8(3)
NSMO(16O) 203.9 248.2
NSMO(18O) 186.4 289.2

ρo being caused only by m∗. The AT 4.5 term in our resistivity data is in
quantitative agreement with the 2-magnon scattering theory [35].

From the oxygen-isotope effects on the residual resistivity and the ther-
moelectric power at low temperatures, one can deduce the exponent of the
oxygen-isotope effect on m∗ based on a polaronic Fermi liquid model [34].
The exponent βO of the oxygen-isotope effect on m∗ was estimated [34] to
be about −0.7 for La0.75Ca0.25MnO3 and about −1.1 for Nd0.7Sr0.3MnO3.
From Eq. 1, one finds that the polaronic mass enhancement factor m∗/m =
exp(−2β) ≃ exp(−2βO) = 4-9. This mass enhancement factor is consistent
with the existence of intermediate size polarons.

Very recent angle-resolved photoemission spectroscopic data [42] of a lay-
ered manganite La1.2Sr1.8Mn2O7 (TC = 126 K) suggest the coexistence of
bipolaronic carriers (pseudo-gapped state) along the Mn-O binding direction
and polaronic charge carriers along the diagonal direction. The polaron mass
is enhanced by a factor of 5.6 (Ref. [42]), which is in good agreement that
(4-9) obtained from our isotope experiments.

The coexistence of polaronic and bipolaronic carriers in the ferromagnetic
state of the layered manganite [42] is also consistent with our earlier results
[43, 44] for a 3-dimensional manganite (La0.5Nd0.5)0.67Ca0.33MnO3 with a
similar TC (∼ 100 K). The ground state of these low TC manganites is phase-
separated into ferromagnetic metallic regions where mobile polarons reside
and charge-ordered insulating regions−where localized bipolarons sit.

2.3 Oxygen-isotope effects on electrical transport above the Curie

temperature

The first experimental evidence for small polaronic charge carriers in the para-
magnetic state was provided by transport measurements [45]. It was found
that the activation energy Eρ deduced from the conductivity data is one order
of magnitude larger than the activation energy Es obtained from the thermo-
electric power data. Such a large difference in the activation energies is the
hallmark of the small-polaron hopping conduction. The giant oxygen-isotope
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shifts of the ferromagnetic transition temperature TC give clear evidence for
the presence of polaronic charge carriers in this system [22, 23]. Moreover, the
fast and local techniques have directly shown that the doped charge carriers
are accompanied by local Jahn-Teller distortions [46, 47, 48, 49]. However,
all these experiments cannot make a distinction between small polarons and
small bipolarons since both are dressed by local lattice distortions. Small bipo-
larons are normally much heavier than small polarons, and should be localized
in the presence of small random potentials. In order to discriminate between
polarons and bipolarons and to place constraints on the CMR theories, it is es-
sential to study the oxygen-isotope effects on the intrinsic electrical properties.
This is because the activation energies in resistivity and thermoelectric power
will depend on the oxygen isotope mass if there coexist localized bipolaronic
charge carriers and mobile polaronic carriers.
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Zhao et al. [50] have precisely measured resistivity for the oxygen-isotope
exchanged high-quality epitaxial thin films of La0.75Ca0.25MnO3 and Nd0.7Sr0.3MnO3,
and the thermoelectric power for the oxygen-isotope exchanged ceramic sam-
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ples of La0.75Ca0.25MnO3. The data cannot be explained by a simple small-
polaron model, but are in quantitative agreement with a model where the
formation of localized small bipolarons is essential.

Fig. 8 shows the resistivity of the oxygen-isotope exchanged films of LCMO
and NSMO above 1.1TC . From the figure, one can see that there is a large
difference in the intrinsic resistivity between the two isotope samples. Such a
large isotope effect is reversible upon the oxygen isotope back-exchange.

It is known that the resistivity can be generally expressed as ρ = 1/σ =
1/neµ, where n is the mobile carrier concentration and µ is the mobility of
the carriers. For adiabatic small-polaron hopping, the mobility is given by [5]

µ =
ed2

h

h̄ωo

kBT
exp(−Ea/kBT ). (6)

Here d is the site to site hopping distance, which is equal to a/
√

2 in man-
ganites since the doped holes in this system mainly reside on the oxygen sites
[18]; ωo is the characteristic optical phonon frequency; Ea = (ηEp/2)f(T )− t;
f(T ) = [tanh(h̄ωo/4kBT )]/(h̄ωo/4kBT ) for T > h̄ωo/4kB ≃ 200 K [51]; Ep is
the polaron binding energy; t is the “bare” hopping integral; η ≤ 1 [5, 52]. In
the harmonic approximation, Ep is independent of the isotope mass M .

P

IP

E E

BP

P

∆/2E
c

a b

Fig. 9. A schematic diagram of the polaron band, and polaron trapping into impu-
rity (IP) states (a) (Ref. [51]), or into localized bipolaron (BP) states (b) (Ref. [16]).
The bipolaron binding energy ∆ is isotope-mass dependent [52], while Ec is inde-
pendent of the isotope-mass M [51]. After Ref. [50].

The mobile polaron density n can be calculated for the two possible
cases shown in Fig. 9. If we assume a simple parabolic band, then n =
2(kBT/1.05a2Wp)

3/2 exp(−Es/kBT ) for T<<Wp/kB [16, 51]. Here Wp is the
polaron bandwidth; Es = Ec if polarons are trapped into impurity (IP) states
[51], while Es = ∆/2 if polarons are bound into localized bipolaron (BP)
states [16]. The bipolaron binding energy ∆ = 2(1 − γ)Ep − Vc − Wp, where
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Vc is the Coulombic repulsion between bound polarons [52]. In fact, the above
n(T ) expression is the same as that for semiconductors when the chemical
potential is pinned to the impurity levels. Using the above n(T ) expression
and Eq. 6, we finally have

ρ =
C√
T

exp(Eρ/kBT ), (7)

where Eρ = Ea + Es, and C = (ah/e2
√

kB)(1.05Wp)
1.5/h̄ωo. The quantity C

should strongly depend on the isotope mass M and decrease with increasing
M . This is because Wp decreases strongly with increasing M according to Wp

∝ exp(−γEp/h̄ωo) = exp(−g2) [52, 9]. It is worthy of noting that Eq. 7 is
valid ony if T<<Wp/kB . For T>>Wp/kB , the prefactor in Eq. 7 should be
proportional to T/ωo [45].

The thermoelectric power is given by [51]

S = Es/eT + So, (8)

where So is a constant depending on the kinetic energy of the polarons and
on the polaron density [51]. One should note that Eq. 8 is valid only if there
is one type of carriers (e.g., holes).

One can make a distinction between the two cases shown in Fig. 9. If
small polarons are bound to impurity centers, there will be no isotope effect
on Es since Ec is independent of M [51]. On the other hand, if small polarons
are bound to localized bipolaron states, both Eρ and Es in Eq. 7 and Eq. 8
will depend on M due to the fact that ∆ is M dependent. In general, the
isotope shift of Eρ will be larger than the isotope shift of Es. This is because
Ea = (ηEp/2)f(T ) − t, and f(T ) = [tanh(h̄ωo/4kBT )]/(h̄ωo/4kBT ), which
may depend on M if the temperature is not so high compared with h̄ωo/kB .

The data are now fitted by Eq. 7 (see solid lines in Fig. 8). It is apparent
that the fits are quite good for both isotope samples. The fitting parameters
are summarized in Table 2. From Table 2, one can see that, upon replacing
16O with 18O, the parameter C for LCMO/NSMO decreases by 35(5)/40(7)%,
while Eρ increases by 13.2(3)/14.2(8) meV. The huge oxygen-isotope effect on
the parameter C is consistent with Eq. 7.

One can obtain the isotope shift of Es by measuring the thermoelectric
power for two isotope samples according to Eq. 8. In Fig. 10, the thermoelectric
power S as a function of 1/T is plotted for the 16O and 18O samples of
La0.75Ca0.25MnO3. Both TC ’s and the isotope shift of the ceramic samples [25]
are the same as those in the corresponding thin films. Since the grain-boundary
effect on S is negligible, the thermoelectric power obtained in ceramic samples
should be intrinsic. From the slops of the straight lines in Fig. 10, one finds
Es = 13.2±0.3 meV for the 16O sample and 18.7±0.3 meV for the 18O. The
isotope shift is δEs = 5.5±0.6 meV, which is about half the isotope shift of
Eρ. The observed oxygen-isotope effects on both Eρ and Es do not support
a simple small-polaron model [51], but provide evidence that small polarons
are bound into localized bipolaron states.
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One can use the values of the parameter C to calculate the polaron band-
width Wp according to the relation: C = (ah/e2

√
kB)(1.05Wp)

1.5/h̄ωo. The
calculated Wp values are listed in Table 2. In the calculation, h̄ωo = 74 meV
is used for the 16O samples [52], and h̄ωo for the 18O samples is 5.7% lower
than for the 16O samples. From the Wp values (see Table 2), one can see that
the data satisfy T < Wp/kB , which justifies the use of Eq. 7.

Furthermore, one can quantitatively explain the isotope dependence of Es

if small polarons form localized bipolarons. In this scenario [52], δ∆ = −δWp.
From Table 2, δWp= -11.2±1.6 meV for La0.75Ca0.25MnO3. So δEs = δ∆/2 =
5.6±0.8 meV for La0.75Ca0.25MnO3, in quantitative agreement with the value
(5.5±0.6 meV) deduced from the thermoelectric power data.

Table 2. Summary of the fitting and measured parameters for the 16O and 18O
films of La0.75Ca0.25MnO3 (LCMO) and Nd0.7Sr0.3MnO3 (NSMO). The errors of
the parameters come from the fitting and from the van der Pauw measurement.
The absolute uncertainty of the thickness of the films was not included in the error
calculations since it only influences the absolute values of the resistivity.

Compounds LCMO(16O) LCMO(18O) NSMO(16O) NSMO(18O)

TC (K) 231.5(3) 216.5(3) 204(1) 186(1)
C (mΩcmK0.5) 17.3(5) 12.9(3) 23.2(8) 16.2(7)
Eρ (meV) 72.8(2) 86.0(1) 78.8(4) 92.9(4)
Es (meV) 13.2(3) 18.7(3)
Wp (meV) 49.0(9) 38.8(7) 60(2) 45(2)

Therefore, the oxygen isotope effects on the intrinsic electrical transport in
the paramagnetic state of doped manganites can be quantitatively explained
by a scenario [16] where the small polarons form localized bound pairs (bipo-
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larons) in the paramagnetic state. The coexistence of small polarons and bipo-
larons in the paramagnetic state may lead to a dynamic phase separation into
the insulating antiferromagnetically coupled region where the bipolarons re-
side, and into the ferromagnetically coupled region where the polarons sit.
This simple picture can naturally explain the observation of the ferromag-
netic clusters (intrinsic electronic inhomogeneity) in the paramagnetic state
[53].

3 Polarons in cuprates

Developing the microscopic theory for high-Tc superconductivity is one of the
most challenging problems in condensed matter physics. Eighteen years after
the discovery of the high-Tc cuprate superconductors by Bednorz and Müller
[1], there have been no microscopic theories that can describe the physics of
high-Tc superconductors completely and unambiguously. Due to the high Tc

values and the observation of a small oxygen-isotope effect in a 90 K cuprate
superconductor YBa2Cu3O7−y (YBCO) [54, 55], many theorists believe that
the electron-phonon interaction is not important in bringing about high-Tc

superconductivity. Most physicists have thus turned their minds towards al-
ternative pairing interactions of purely electronic origin.

On the other hand, there is overwhelming evidence that electron-phonon
coupling is very strong in cuprates [56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66,
67, 68, 69, 70, 71]. In particular, the studies of various unconventional oxygen-
isotope effects Zhao and his coworkers have initiated since 1992 clearly indicate
that the electron-phonon interactions are so strong that polarons/bipolarons
are formed in doped cuprates and manganites [56, 57, 58, 59, 60, 62, 63, 64,
65, 66, 67, 69, 22], in agreement with a theory of high-temperature supercon-
ductivity [6]. However, such clear experimental evidence for strong electron-
phonon interactions from the unconventional isotope effects has been gener-
ally ignored. In the 2001 Nature paper [68], Lanzara et al. appear to pro-
vide evidence for a strong coupling between doped holes and the 70 meV
half-breathing phonon mode from angle-resolved photoemission spectroscopy
(ARPES). They further show that this 70 meV phonon mode can lead to
d-wave pairing symmetry and is mainly responsible for high-temperature su-
perconductivity [72]. Recently, Devereaux et al. [73] have proposed that the 40
meV B1g phonon mode rather than 70 meV half-breathing phonon mode is re-
sponsible for d-wave high-temperature superconductivity. This pairing mech-
anism contradicts the very recent ARPES data from their own group, which
show that multiple phonon modes at 27 meV, 45 meV, 61 meV, and 75 meV
are strongly coupled to doped holes in deeply underdoped La2−xSrxCuO4 [70].
The strong coupling to the multiple phonon modes is not in favor of d-wave
gap symmetry but may support a general s-wave gap symmetry [74, 75].
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3.1 Oxygen-isotope effect on TN in La2CuO4

The antiferromagnetic order (AF) observed in the parent insulating com-
pounds like La2CuO4 signals a strong electron-electron Coulomb correlation.
On the other hand, if there is a very strong electron-phonon coupling such
that the Migdal adiabatic approximation breaks down, one might expect that
the antiferromagnetic exchange energy should depend on the isotope mass.
Following this simple argument, Zhao and his co-workers initiated studies of
the oxygen isotope effect on the AF ordering temperature in several parent
compounds in 1992. A noticeable oxygen-isotope shift of TN was consistently
observed in La2CuO4 [56].
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Fig. 11 shows the temperature dependence of the susceptibility for the 16O
and 18O samples of undoped La2CuO4 (upper panel), and of oxygen doped
La2CuO4+y (lower panel). One can see that the AF ordering temperature TN

for the 18O sample is lower than the 16O sample by about 1.9 K in the case
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of the undoped samples. For the oxygen-doped samples, there is a negligible
isotope effect.

It is known that the antiferromagnetic properties of La2CuO4+y can be
well understood within mean-field theory which leads to a TN formula [76]:

kBTN = J ′[ξ(TN )/a]2, (9)

where J ′ is the interlayer coupling energy, ξ(TN ) is the in-plane AF correlation
length at TN with ξ(TN ) ∝ exp(J/TN ) for y = 0 (J is the in-plane exchange
energy). When TN is reduced to about 250 K by oxygen doping, a mesoscopic
phase separation has taken place so that ξ(TN ) = L (Ref. [77]), where L is
the size of the antiferromagnetically correlated clusters, and depends only on
the extra oxygen content y. In this case, we have TN = J ′(L/a)2. Since L is
independent of the isotope mass, a negligible isotope shift of TN in the oxygen-
doped La2CuO4+y suggests that J ′ is independent of the isotope mass. Then
we easily find for undoped compounds

∆TN/TN = (∆J/J)
B

1 + B
, (10)

where B = 2J/TN ≃ 10. From the measured isotope shift of TN for the
undoped samples, we obtain ∆J/J ≃ −0.6%.

Recently, Eremin et al. [78] have considered strong electron-phonon cou-
pling within a three-band Hubbard model. They showed that the antiferro-
magnetic exchange energy J depends on the polaron binding energy EO

p due

to oxygen vibrations, on the polaron binding energy ECu
p due to copper vi-

brations, and on their respective vibration frequencies ωO and ωCu. At low
temperatures, J is given by [78]

J = J◦(1 +
3EO

p h̄ωO

∆2
pd

+
3ECu

p h̄ωCu

∆2
pd

). (11)

Here ∆pd is the charge-transfer gap, which is measured to be about 1.5 eV
in undoped cuprates. The oxygen-isotope effect on J can be readily deduced
from Eq. 11:

∆J

J
= (

3EO
p h̄ωO

∆2
pd

)(
∆ωO

ωO
). (12)

Substituting the unbiased parameters h̄ωO = 0.075 eV, ∆J/J ≃ −0.6%,
∆pd = 1.5 eV, and ∆ωO/ωO = 6.0% into Eq. 12, we find that EO

p = 1.0 eV.

The total polaron binding energy should be larger than 1.0 eV since ECu
p is

not zero.
The polaron binding energy can be also estimated from optical data where

the energy of the mid-infrared peak in the optical conductivity is equal to 2γEp

(Ref.[52]), where γ is between 0.2-0.3 (Ref.[52]). The peak position (2γEp) was
found to be about 0.6 eV for La1.97Sr0.03CuO4 (Ref. [79]), implying that Ep
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= 1.0-1.5 eV. This is in quantitative agreement with the value estimated from
the isotope effect. These results thus consistently suggest that the polaron
binding energy of undoped La2CuO4 is over 1 eV. Doping will reduce the
value of Ep due to screening. For the optimal doping (x = 0.15), the optical
data suggest that 2γEp = 0.12 eV, which is a factor of 5 smaller than that
for x = 0.03.

Very recently, angle-resolved photoemission spectroscopy (ARPES) data of
undoped La2CuO4 have been explained in terms of polaronic coupling between
phonons and charge carriers [80]. From the width of the phonon side band in
the ARPES spectra, the authors find the polaron binding energy to be about
1.9 eV, in good agreement with their theoretical calculation based on a shell
model [80]. On the other hand, the observed binding energy of the side band
should be consistent with a polaron binding energy of about 1.0 eV (Ref. [80]).
This should be the lower limit because the binding energy of the side band
decreases rapidly with doping and because the sample may be lightly doped
[80]. Therefore, the ARPES data suggest that 1.0 eV < Ep < 1.9 eV, which
is in quantitative agreement with the value deduced from our earlier isotope
experiments.

3.2 Oxygen-isotope effect on the in-plane supercarrier mass

One of the most remarkable oxygen-isotope effects we have observed is the
oxygen-isotope effect on the penetration depth [57, 58, 59, 60, 64, 65, 66, 67,
69]. Zhao et al. made the first observation of this effect in optimally doped
YBa2Cu3O6.93 in 1994 [57]. By precisely measuring the diamagnetic signals for
the 16O and 18O samples, one were able to deduce the oxygen-isotope effects
on the penetration depth λ(0) and on the supercarrier density ns. It turns out
that ∆ns ≃ 0, and ∆λ(0)/λ(0) = 3.2 % (Ref. [57]). These isotope effects thus
suggest that the effective supercarrier mass depends on the oxygen-isotope
mass.

In fact, for highly anisotropic materials, the observed isotope effect on the
angle-averaged λ(0) is the same as the isotope effect on the in-plane penetra-
tion depth λab(0). From the magnetic data for YBa2Cu3O6.93, La1.85Sr0.15CuO4,
and Bi1.6Pb0.4Sr2Ca2Cu3O10+y, one finds that ∆λab(0)/λab(0) = 3.2±0.7%
for the three optimally doped cuprates [67]. Several independent experiments
have consistently shown that the carrier densities of the two isotope samples
are the same within 0.0004 per unit cell [59, 60, 65]. Therefore, the observed
oxygen-isotope effect on the in-plane penetration depth is caused only by
the isotope dependence of the in-plane supercarrier mass. Recently, direct
measurements of the in-plane penetration depth by low energy muon-spin-
relaxation (LEµSR) technique [69] have confirmed the earlier isotope-effect
results. It is found that [69] ∆λab(0)/λab(0) = 2.8±1.0%. It is remarkable that
the isotope effect obtained from the most advanced and expensive technology
(LEµSR) is the same as that deduced from simple magnetic measurements.
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Fig. 12 shows the doping dependence of the exponent (βO) of the oxygen-
isotope effect on the in-plane supercarrier mass in La2−xSrxCuO4. Here the
exponent is defined as βO = −d ln m∗∗

ab/d ln MO. It is apparent that the expo-
nent increases with decreasing doping, in agreement with the fact that doping
reduces electron-phonon coupling due to screening. The large oxygen-isotope
effect on the in-plane supercarrier mass cannot be explained within the con-
ventional phonon-mediated pairing mechanism where the effective mass of
supercarriers is independent of the isotope mass [81]. In particular, the sub-
stantial oxygen-isotope effect on m∗∗

ab in optimally doped cuprates indicates
that the polaronic effect is not vanished in the optimal doping regime where
the BCS-like superconducting transition occurs. This suggests that polaronic
carriers may be bounded into the Cooper pairs in optimally doped and over-
doped cuprates.

3.3 Strong electron-phonon coupling features along the diagonal

direction

In conventional superconductors, strong electron-phonon coupling features
can be identified from single-particle tunneling spectra. For high-Tc cuprates,
high-quality tunneling spectra are difficult to obtain because of a short co-
herence length. Moreover, due to a strong gap anisotropy, the energies of the
strong coupling features will depend on the tunneling directions. Only if one
can make a directional tunneling, one may be able to identify the electron-
phonon coupling features from the tunneling spectrum. On the other hand,
the observation of the electron self-energy renormalization effect in the form of
a “kink” in the band dispersion may reveal coupling of electrons with phonon
modes. The “kink” feature at an energy of about 65 meV has been seen in
the band dispersion of various cuprate superconductors along the diagonal
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(“nodal”) direction [68]. From the measured dispersion, one can extract the
real part of electron self-energy that contains information about coupling of
electrons with collective boson modes. The energy of a broad peak in the elec-
tron self-energy should correspond to the averaged energy of all the bosonic
modes that couple to electrons if the superconducting gap is zero along the
diagonal direction. The fine coupling structures can be only revealed in the
high-resolution ARPES data. Very recently, such fine coupling structures have
been clearly seen in the raw data of electron self-energy of deeply underdoped
La2−xSrxCuO4 along the diagonal direction [70]. Using the maximum entropy
method (MEM) procedure, they are able to extract the electron-phonon spec-
tral density α2F (ω) that contains coupling features at 27 meV, 45 meV, 61
meV and 75 meV. These ARPES data and exclusive data analysis [70] clearly
indicate that the phonons rather than the magnetic collective mode are re-
sponsible for the electron self-energy effect.
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In fact, the fine coupling structures also appear in the earlier high-
resolution ARPES data of a slightly overdoped BSCCO with Tc = 91 K
(OD91K) [82]. Fig. 13 shows the real part of electron self-energy along the di-
agonal direction for the OD91K sample. In the same figure, plotted is the real
part of electron self-energy along the diagonal direction for La2−xSrxCuO4

(LSCO) with x = 0.03. One can clearly see the fine structures in the raw data
of both LSCO and BSCCO. The solid vertical lines mark the energies of the
pronounced phonon peaks (27 meV, 45 meV, 61 meV) in the electron-phonon
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spectral density α2F (ω) that is determined from the MEM procedure [70].
The dashed vertical line indicates the energy of a pronounced phonon peak
(75 meV) in the superconducting LSCO with x = 0.07. In order for the fine
structures in the self-energy of BSCCO to be aligned with those for LSCO,
the energy scale for BSCCO has to be shifted down by ∆D = 8.0 meV. This
suggests that the superconducting gap along the diagonal direction is not zero.
This is consistent with an extended s-wave gap symmetry that has a finite
gap of about 10 meV along the diagonal direction [74]. The magnitude of ∆D

surely depends on impurities and disorder, so it may vary from samples to
samples.

It is interesting to note that the coupling feature at 75 meV is invisible
in the deeply underdoped LSCO (x = 0.03), but becomes pronounced in the
superconducting LSCO (x= 0.07) and in BSCCO (OD91K). This is consistent
with the neutron experiments that clearly demonstrate that the coupling to
the 75 meV half-breathing mode increases with increasing doping [61]. Nev-
ertheless, the electron-phonon coupling constant for this mode is still small
(< 0.2) due to a high phonon energy. This implies that this mode alone can-
not cause high-temperature superconductivity, in contrast with the claim by
Lanzara et al. [68]. In fact, the low energy phonon modes below 30 meV along
the diagonal direction in LSCO (x = 0.03) contribute a large electron-phonon
coupling constant (about 0.8).

3.4 Strong electron-phonon coupling features along the antinodal

direction

The electron self-energy effect along the antinodal direction has been studied
for several BSCCO crystals (OD91K, OD71K,and OD58K) [83]. The kink fea-
ture in the band dispersion in the antinodal direction is much stronger than
that along the diagonal direction. This indicates a much stronger electron-
boson coupling. One of the puzzling issues is that the averaged energy of the
boson modes shifts to a much lower energy (about 20 meV) [83]. Fig. 14 shows
the boson energy as a function of the antinodal gap ∆M for several overdoped
BSCCO. The boson energy is calculated according to Eboson = Ekink − ∆M ,
where Ekink is the kink energy in the band dispersion. Since the antinodal
gap ∆M was found to be very close to the peak energy in the energy distri-
bution curve (EDC) [84], one can simply take ∆M being equal to the EDC
peak energy. One can see that the boson energy is about 20 meV for heavily
overdoped BSCCO and about 16 meV for nearly optimally doped BSCCO.
The strong coupling feature at about 20 meV agrees with the electron-boson
spectral density α2F (ω) deduced from a break-junction spectrum, as shown in
Fig. 15. The spectral density clearly shows strong coupling features at about
20 meV, 35 meV, 60 meV, and 72 meV. In particular, the coupling to phonon
modes near 20 meV is strongly enhanced (the coupling constant for the 20
meV phonon peak is about 2.6). This unusual enhancement is possible if the
extended van Hover singularity is about 20 meV below the Fermi level and
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the electron-phonon matrix element for the 20 meV phonon modes has a max-
imum around q = 0, where q is the phonon wavevector. The large density of
states at the van Hover singularity (20 meV below the Fermi level) and strong
Fermi surface nesting along the antinodal direction greatly enhance the phase
space available for 20 meV small-q phonons to scatter quasiparticles from
the states near the antinodal regime to the extended saddle points. The first
principle calculation indeed shows that unusual long-range Madelung-like in-
teractions lead to very large matrix elements especially for zone center modes
that are related to vibrations of cations (e.g., La, Sr, Ba, Ca) [86]. The phonon
energies for the vibrations of the cations are between 15 meV to 25 meV.
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dispersion. One data point (open circle) is from the tunneling data (see Fig. 15).

Further, a strong coupling feature in optical data, which was previously
explained as due to a strong coupling between electrons and the magnetic
resonance mode [87, 88], is actually consistent with a strong electron-phonon
coupling at a phonon energy of about 20 meV. It is known that the electron-
phonon spectral density α2F (ω) can be obtained through inversion of optical
data. Marsiglio et al. [89] introduced a dimensionless function W (ω) which
is defined as the second derivative of the normal state optical scattering rate
τ−1(ω) = (Ω2

p/4π)ℜσ−1(ω) multiplied by frequency ω. Here Ωp is the bare
plasma frequency and σ(ω) the normal state optical conductivity. Specifically,

W (ω) =
1

2π

d2

dω2

ω

τ(ω)
(13)

which follows directly from experiment. Marsiglio et al. [89] made the very
important observation that within the phonon range W (ω) ≃ α2F (ω).

In the superconducting state, a phonon mode that is strongly coupled to
electrons will appear at an energy of 2∆(k) + ωph (where ωph is the phonon



Polarons in manganites and cuprates 25

0 10 20 30 40 50 60 70 80 90

1.4

1.2

1.0

0.8

0.6

0.4

0.2

 (meV)
2 (

)F
(

),
 G

(
)

G( )
2( )F( )

BSCCO

Fig. 15. The electron-phonon spectral density α2F (ω) for a slightly overdoped
Bi2Sr2CaCu2O8+y (BSCCO) crystal, which was deduced from an SIS break-junction
spectrum [85].

energy), that is, the energies of the phonon structures shift up by the pair-
breaking energy 2∆(k) [90]. Because the 20 meV phonon modes are much
more strongly coupled to the states near the antinodal regime and because
there is a large quasiparticle density of states at the maximum gap edge, there
must be a maximum at 2∆M + ωph in W (ω). For slightly overdoped BSCCO
with Tc = 90 K, ∆M = 26.0(5) meV (Ref.[91, 74]), so we should expect a
maximum in W (ω) to be at about 72 meV. This is in quantitative agreement
with the result shown in Fig. 16.
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Fig. 16. The optically determined electron-boson spectral density W (ω) for a
slightly overdoped BSCCO crystal with Tc = 90 K. After [88].

Recently, Devereaux et al. have calculated the electron-phonon interactions
for the oxygen buckling mode (B1g) and the in-plane half-breathing mode [73].
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They find that the 40 meV B1g mode couples strongly to electronic states
near the antinodal regime. They use an electron-phonon matrix element that
is suitable only for YBa2Cu3O7−y where a large buckling distortion occurs.
For other cuprates, the CuO2 plane is flat and the buckling effect is negligible.
Raman data have indeed shown that the coupling constant of the B1g mode
in BSCCO is more than one order of magnitude smaller than that in YBCO
(Ref. [92]). Even for YBCO, the coupling constant of this mode was deduced
to be about 0.05 from the Raman data [92], in agreement with the earlier
first principle calculation [93]. Moreover, if this 40 meV phonon were strongly
coupled to the electronic states near the antinodal regime, one would expect
a maximum in W (ω) to occur at about 92 meV in slightly overdoped BSCCO
with Tc = 90 K. This is in total disagreement with experiment (see Fig. 16).

Previously, the energy of the maximum in W (ω) was claimed to be in
quantitative agreement with the theoretical prediction based on the strong
coupling between electrons and the magnetic resonance mode [87, 88]. Later
on, more rigorous theoretical approach [94] shows that the maximum in W (ω)
should occur at about 2∆M + Er rather than at ∆M + Er, where Er is the
magnetic resonance energy. For BSCCO with Tc = 90 K, Er = 43 meV, so we
should expect a maximum in W (ω) to occur at about 95 meV, in disagreement
with experiment (see Fig. 16)

The strong electron-phonon coupling feature at about 20 meV is also
consistent with the energy distribution curves obtained from ARPES. For
a conventional strong-coupling superconductor (e.g., Pb), a dip feature in the
single-particle density of states can be clearly seen in the superconducting
state. The dip feature appears near ∆ + ωc, where ωc is the phonon cut-off
energy [81]. From Fig. 15, one can see that the cut-off energy for the 20 meV
phonon peak is about 40 meV, i.e., ωc ≃ 40 meV. Since the intensity of EDC
is proportional to the single-particle spectral weight, the dip feature should
appear in EDC at ∆M + ωc. Because ∆M is close to the EDC peak energy
along the antinodal direction, the separation energy between the peak and dip
in the EDC should be close to ωc ≃ 40 meV, in agreement with experiment
[66].

4 Conclusion

The various unconventional oxygen-isotope effects observed in both mangan-
ites and cuprates clearly demonstrate the existence of polaronic/bipolaronic
charge carriers due to strong electron-phonon coupling. The very recent angle-
resolved photoemission spectra for both manganites and cuprates [42, 80] have
confirmed our earlier conclusions from the unconventional isotope effects. The
formation of polarons/bipolarons in both manganites and cuprates plays an
important role in the basic physics of these materials and is essential for the
occurrence of colossal magnetoresistance and high-temperature superconduc-
tivity. We further show that strong electron-phonon coupling with the 20
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meV phonon modes in cuprates are also important to the pairing mechanism
of high-temperature superconductivity.
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