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Isotope Effect as a Probe of the Role of Phonons in
Conventional and High Temperature Superconductors
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Abstract We review the role of phonons in the mechanism of both conventional and high temperature superconductivity.
We find that while on one hand most of the conventional superconductors fall within the framework of the BCS pho-
non-mediated pairing, on the other hand the complexity of the structural properties of High T, superconductors allows
determination of only the partial (oxygen) isotope effect, with values ranging fromnegligibly s mallto even higher than BCS
prediction. In either case, the study of isotope shift is important in its own right. We arrive at the conclusion that while
phonons are central to explaining the mechanis m o f conventional superconductivity, their role should be taken into account

for explaining High T¢ superconductivity, as well.
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1. Introduction

One of the most important properties of metals is that their
electrical resistivity decreases with the decrease of tem-
perature. Investigation of the electrical properties of metals
at low temperatures led the Dutch Physicist Heike Kamer-
lingh Onnes and his assistant Gilles Holstin 1911 to discover,
the phenomenon of superconductivity at 4.2 K in mercury|[ 1,
2]. The discovery of superconductivity was one of the most
important experimental finding in low temperature physics
of'the early 20th century. Since then, tremendous theoretical
and experimental efforts have been made to develop the
correct theory for explaining underlying mechanism re-
sponsible for superconductivity. In the history of supercon-
ductivity, different theories have been proposed fromtime to
time. We can broadly categorize these theoretical efforts into
two types: Macroscopic and Microscopic theories. The
macroscopic theories like Meissner effect[3], London equa-
tions[4], Ginsburg-Landau theory[5], do fairly explain some
properties of superconductors but were inadequate to explain
the underlying mechanis m of superconductivity.

The first microscopic theory of superconductivity was put
forth by Bardeen, Cooper and Schrieffer in 1957[6]. For
conventional superconductors, this theory satisfactorily
explains the properties like Penetration Depth, the Energy
Gap, Coherence Length, Isotope Effect and other properties
as summarized in[7,8]. As BCS theory could explain almost
all the properties of conventional superconductors, supported
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by fairly good agreement between theory and experiment, it
was considered to be ultimate theory for the mechanism of
superconductivity.

However, the discovery of high temperature supercon-
ductivity[9], particularly above the liquid nitrogen tem-
perature[10-13] posed serious challenges to the validity of
BCS theory. Despite being the most active area of research
and its limitless scope for applications, the mechanism re-
mains elusive, owing to the unusual nature of properties
exhibited by these high T, materials, particularly cuprates.
The properties like very small or no isotope shift, high tran-
sition temperature, short coherence length, low density of
states, low carrier concentration, electric and magnetic ani-
sotropies are markedly different from those for the conven-
tional low temperature superconductors. These discrepancies
which could not be accommodated within the original BCS
formalis mled researchers to search foralternative theories of
high temperature superconductivity including modification
to the original BCS framework so as to somehow account for
these unusual properties of High T, superconductors.

Among the various properties of superconductors, the one
central to the development of BCS theory was the observa-
tion of Isotope Effect in superconductors. In conventional
superconductors, it was found that transition temperature is
inversely proportional to the square root of the isotopic mass
(T, « M™® where o = 0.5). Isotopes being chemically iden-
tical, a change in T, on substituting one isotope for other
implies that the lattice vibrations are somehow important for
superconductivity. This was the basis for the phonon medi-
ated pairing interaction envisaged in the BCS theory via the
formation of cooper pairs[14].

Certain conventional superconductors have isotope effect
exponent equal to the predicted value of BCS theory and lot
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of materials have small but appreciable deviations from the
BCS value, which for practical purposes can be treated
within the BCS framework. But there are conventional su-
perconductors which have isotope effect much larger than
BCS value which though may be exceptions, raise serious
challenge against theory[15,16].

On the other hand, the story of high temperature super-
conductors is interesting and challenging. The study of
oxygen isotope effect has been carried out in almost all cu-
prates. For some family of cuprates, the oxygen isotope
exponent (OIE) is very small than BCS prediction[17]. This
suggests that phonons may not be playing any role in the
occurrence of superconductivity in cuprates. However, for a
particular family of doped cuprates, the oxygen isotope ex-
ponents (OIE) increase with decreasing T, and can be even
larger than BCS value[18]. Such an anomalously large OIE
imply that phonons have a definite role in the superconduc-
tivity.

Any correct theory for explaining the mechanism of su-
perconductivity, in particular, for high T, superconductors
has to account for both small OIE in optimally-doped sam-
ples and anomalously large OIE in the underdoped samples.

Motivated by the central role that isotope effect plays in
explaining conventional superconductivity and the recent
findings that phonons may be important for high T, super-
conductors, we intend, in this review, to put together the
efforts of various groups in trying to explain both conven-
tional and high T, superconductivity.

2. Isotope Effect in Conventional
Superconductors

Isotope effect studies have been vital to the development
of the microscopic theory of superconductivity. The first
piece of evidence about the existence of isotope effect in
mercury was reported in 1950 by Maxwell[19] and inde-
pendently by Reynold et al.[20]. They found that the critical
temperature T, of mercury varies as an inverse function of
isotopic mass. The argument that isotope mass enters into the
formation of the superconducting phase implies that super-
conductivity is not purely electronic in origin. In the same
year, Frohlich[21] proposed that same electron lattice inter-
action responsible for the scattering of conduction electrons
by lattice vibrations provides a necessary glue between
electrons. Frohlich’s theory got a strong base from the ex-
perimental observation of isotope effect and played a key
role in understanding microscopic mechanism of supercon-
ductivity. In 1956, Cooper[14] demonstrated that a pair of
electrons can interact above a Fermi surface with an inter-
action of a kind that might be expected due to phonon and
screened coulomb fields. If there is a net attraction between
the electrons, it turns out that they can form bound states,
though their energy is larger than zero. The properties of
non-interacting system of bound pairs are very suggestive of
those which could produce superconducting state. However,

the existence of electron pairs does not necessarily imply a
phonon mediated pairing. Indeed Bose condensation, as
considered by Schafroth[22] is also a possible mechanism
for superconductivity, but unfortunately the model was not
able to explain one of the important experimentally observed
property of isotope effect discovered earlier by Maxwell and
Reynold. Finally in 1957 Bardeen, Cooper and Schrieffer[ 6],
in view of experimental observation of isotope effect in
mercury discovered by Maxwell[19] and Reynold[20] fol-
lowed by theoretical consideration of Frolich[21] and in-
adequacy of Schafroths condensation[22], put forward first
successful microscopic theory, which explains most of the
physical properties observed in conventional superconduc-
tors.

Within the framework of BCS microscopic theory, one
has relation between transition temperature T, , typical
phonon frequency o (e.g Debye frequency) and interaction
strength N(Ef)V as

KyT, = 1.13hw explif- —

WD) (1)

Where V is the pairing potential arising fromthe electron
phonon interaction, N(E;) is the electronic density of states
at Fermi surface and Kjp is the Boltzmann constant. Equation
(1) is considered as one of the most significant and influen-
tial prediction of BCS theory. In the harmonic approximation
both Vand N(Ef) are independent of the ionic mass, while
characteristic frequency ® can be expressed as

1
o« — 2)

where M is the ionic mass. By combining equations (1) and
(2), one can deduce that if the product VN (Ef) is increased,
then T, will rise. Further, the frequency ® can be enhanced
using lighter elements, that in turn enhances the T, of cor-
responding superconductors. On the basis of equations (1)
and (2), BCS predicted a maximum T, of around 30 K,
which did explain the transition temperatures of conven-
tional superconductors with a record high T, 0f23.2 Kiin an
alloy of Nb and Ge[23, 24].
On the basis of electron phonon mechanism, the T, can
be described by the following relation
Tc=AM™° (3)
Where A is a constant, M is the mass element substituted
by its isotope and a is the isotope effect coefficient, which is

defined by the following relation
_ainTc  _MATc

a=——"== 4)
aln M Tc AM
where AM is mass difference between two isotopes and
AT is the shift of critical temperature by the substitution of
isotopic mass.

With the help of equations (1) and (2) we can conclude
that in BCS theory T is inversely proportional to square
root of masses of'the isotopic elements i.e. the isotope effect
coefficient predicted by BCS theory has the value a = 0.5,
which is in excellent agreement with the reported isotopic
effect in many metals as shown in the first nine entries in
table 1.

From table 1, it follows that for many superconducting
materials o is indeed close to the BCS value of 0.5 . As
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shown in table 1, the inverse isotope effect (o < 0) has also
been reported e.g in uranium o = —2. A reversal of isotope
effect was also observed[48] in PAH(D) system, where the
transition temperature increases on substitution of deuterium
for Hydrogen. This effect was qualitatively explained[49] as
resulting from differences in the electronic structure arising
from anharmonicity in the zero point motion of hydrogen
isotopes. The existence of reversal isotope effect demon-
strates that while discussing isotope effect one has to take
into account the band structure as well. Besides, there are
many organic superconductors in which the inverse isotope
effect has been observed[50]. Thus, isotope effect is not a
universal phenomenon and can be absent even in conven-
tional superconductors (e.g in Zr,a =0+ 0.05 and in Ru, a =
0+ 0.15). The obvious discrepancy between observation and
theory demonstrates limitations of simplified BCS model.
Nevertheless, this BCS theory based on phonon mediated
mechanis mhas played a decisive role in showing path to the
correct theory of superconductivity in most of metals and
alloys. Further, it also served as the basis for more sophisti-
cated theories of superconductivity.

Table 1. Critical Temperature T, and Isotope effect exponent (o)

Super- Tc
con—I:iuct or (k) Ref. « Ref.
Hg 4.15 [25] 0.5+0.03 [19.28]
Tl 239 [25] 0.540.1 [19.,28,29]
Cd 0.56 [26] 0.540.1 [30]
Pb 72 [7] 048 [7]
Sn 372 [26] 046 [27]
Re 1.69 [25] 038 [31]
Mo 092 [25] 0.3740.04 [32,33]
Zn 087 251 | 0302001 [34]
MgB» 39 [27] 03 [3536]
Os 0.65 [25] 0.2140.05 [37,38]
Zr 0.54 [25] 0+£0.05 [38]
Ru 051 [25] 0+0.15 [3739-42]
U 0.68 [25] 2 [43]
K3Gso 19.5 [27] 0.370r1 4 [1644 -47]
Hg*™$ 4.156 [15] 2.896 [15]

Though the BCS theory did not completely succeed in
explaining isotope effect in superconductors, but it paved the
way for a deeper understanding of electron- phonon interac-
tion. In the limit of strong coupling, Eliashberg model[51],
the electron phonon coupling constant 4., is related to
spectral function o (o)F (®), as defined by the product of
phonon density of states F(w) and the frequency dependent
average electron phonon interaction o (). Eliashberg’s
equations were solved by McMillan[52] by taking into ac-
count the coulomb repulsion between electrons, which was
one ofthe obvious reason forthe discrepancy between theory
and experimental observations and the retarded nature of
phonon induced interaction:

LR Sl S DI
KT, = 1.45 eXpLCﬂep —1*(1+0.62 ¢p )) ©

where u* is the effective coulomb repulsion. Under
Aep K 1ie weak interaction, it reduces to equation (1)
where 4., — p” substitutes the role of N(E;)V. As a result,

in strong-coupling superconductors, the isotope effect ex-
ponent has no longer a universal value and is given by

Lo o o 5 140.620¢p
@ =3 [1- (Wlog T N ©

Above equation suggest a negative or small isotope ex-
ponent is also possible within the framework of the Eli-
ashberg theory. Thus, the existence of small isotope expo-
nent is still consistent with phonon-mediated pairing
mechanis m.

1+2ep

3. Isotope Effect in High T, Cuprates
Superconductors

The discovery of superconductivity in La,_,Ba, CuQOy4 by
Bednorz and Muller in 1986[9] prompted a burst of ex-
perimental and theoretical investigations in these systems in
order to clarify the microscopic pairing mechanis m for high
temperature superconductivity. However, the mechanism is
still highly controversial because the opinions as regards the
role of electron phonon interaction vary widely[53-55]. Also,
the unprecedentedly high transition temperatures in some
cuprates were difficult to reconcile with the conventional
phonon mediated mechanism which could account for a
maximum T, of 30K[52]. Existence of short coherence
length raises further challenges against BCS theory.

Cuprates have a complex structure as compared to ele-
mental superconductors and essentially have layered char-
acter, confirmed by the anisotropy of their properties. Usu-
ally cuprates consist of four layers: (a) Conducting DO, layer
(ie CuO; planes), (b) Cseparating Layer typically like Ca or
Y, (c) BO bridging layer typically like BaO, LaO or SrO, and
(d) AO additional layer like BiO, HgO or T1O. Supercon-
ductivity is believed to take place in CuO; planes which are
present in all high T, superconductors, but the number of
CuO; planes varies among the different families of cuprates,
ranging from a single-layer up to an infinite-layer structure.
Thus, the existence of layer structure introduces complexity
in the investigation of isotope effect in cuprates.

Hence, if a superconductor is composed of different ele-
ments like cuprates, one defines a partial isotope coefficient
as

AT M

% == (7
where index i denotes a constituent with mass M; (e.g. oxy-
gen). At first sight, it seems the magnitude of «; may provide
insight into which phonons are important in the occurrence
of superconductivity. However, small or even vanishing
partial isotope exponent do not imply that corresponding
constituent is not important in the occurrence of supercon-
ductivity. In that case, one should also see the effect of iso-
tope substitution on other parameters like effective super-
carrier mass m* and supercarrier density ng for making any
decision on the role of lattice vibrations. The later effects
may provide crucial information about role of phonons in
understanding the physics of high T, superconductors. The
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studies related to isotope effect have been carried out in all
well known cuprates and comprehensive review is given by
Frank[17]. So far, most of the studies concern the oxygen
isotope shift by replacing '°0 with 'O partly because ex-
perimental procedures are simp le and reliable[56]. Now, it is
generally accepted that the cuprates doped for maximum
T, exhibit a small but clearly non-vanishing oxygen isotope
exponent &, . This is true for all the different families of
doped cuprates. Table 2, shows results of oxygen isotope
effect for some typical families of cuprate superconductors.

Table 2. Oxygen Isotope Effect Exponent of Cuprates

Oxygen Isotope
Superconductor Tc (k) Effect Ref.
Exponent (o)

(Ba,K)BiOs 28-35 0.6 [57]
Ba(Pb,Bi)Os 10-15 025 [57]
Lasiy 30-36 0.15-0.20 [57]
Bi>SrCaCup Oy 75 0.03-0.05 [17]
YBa,CusOs 79.5 0.06-0.08 [17]
T1,Ca;BaCusO1o 121 0+0.12 [17]
Ndi 55Cep1sCuOq 24.5 <0.05 [17]

As is obvious from the table, electron-phonon interaction
appears to be central to the superconducting pairing in (Ba,
K)BiOs , Ba(Pb, Bi)Os3 and La, ;4 materials. In fact, for La,—
Sty CuOy4 Crawford et al[18] have shown that for Sr concen-
tration of x= 0.125, the oxygen isotope effect (OIE) shows a
pronounced maximum of a,~ 0.85 dropping to «a, = 0.10
for the optimal Sr concentration of x = 0.15. A similar be-
havior is shown by La,_y Bay CuO4[58]. These observations
of anomalously large OIE imply phonons play a crucial role
in occurrence of high T, superconductivity just as they do
for conventional superconductoss. For the rest of the com-
pounds in Table 2, the oxygen isotope exponents (OIE’s) are
similar in magnitude and remain small. This small OIE ob-
served in the optimally-doped cuprates suggests that pho-
nons may not have any role or may just be like a supporting
actor in the mechanism of high T, superconductivity. This
observation led to many exotic non-phonon mediated pairing
mechanism[59]. The studies of the dependence of oxygen
isotope effect have been carried out in all cuprate sys-
tem[ 18,60-63]. From these observations, it follows that any
correct theory of high T, superconductivity ought to be
consistent with both small OIE for optimally -doped samples
and anomalously large OIE in the underdoped samples.

4. Conclusions

The studies ofisotope substitution can be utilized as a very
effective candidate in revealing the underlying pairing
mechanis mof superconductivity. We have discussed isotope
substitution effect in both conventional and unconventional
superconductors. Measurements of the isotope effect on the
transition temperature T, provides a key experimental evi-
dence for phonon-mediated pairing, supported strongly by
the BCS theory of superconductivity in most conventional
superconductors. There are some conventional supercon-

ductors which have a very small isotope effect, but can be
treated within the framework of Eliashberg theory and thus
still be consistent with phonon mediated pairing mechanism.
Therefore, we can conclude that superconductivity in con-
ventional is not of purely electronic origin but phonons have
an obvious role in the occurrence of superconductivity.

However, the situation in high T, cuprates is very in-
teresting. In optimally doped cuprates, the OIE is very small
suggesting that phonons might not have any role in the oc-
currence of high T, superconductivity. However, for a par-
ticular family of doped cuprates the OIE increases with de-
creasing T, and can even be larger than BCS prediction.
Thus the existence of strong OIE implies phonons play an
important role in high temperature superconductivity, as well.
Any correct theory for describing the physics of high T,
superconductors must be consistent with small OIE in op-
timally doped samples and large OIE in underdoped samples.
Although, the interest in phonons (as mediators) in exp lain-
ing high T, superconductivity has waxed and waned, the
current findings suggest that any theory of high T, cannot
ignore the role of phonons.

High temperature superconductivity, however, raises se-
rious challenges to the phonon only mechanism particularly,
because of observation of short coherence length, small or no
isotope shift and high Tc. Many scientists opined that BCS
theory may not work for high T¢ superconductors, though
the situation has changed a bit now. In fact for organic and
heavy fermion superconductors BCS modelhad already been
ruled out. As an alternative to phonon almost all elementary
excitation of solids were proposed as mediators of electron
pairs. However, none of them could satisfactorily explain the
basic feature of high T¢ superconductors. There are many
reasons to believe that electron-phonon interaction may still
be behind high T¢ superconductivity or spin fluctuations
may hold the key. In a recent paper[64], it is demonstrated
that bosonic excitations of the electronic origin may be the
most favoured candidates for the formation of the high T¢
superconducting state. The fact that high T¢ superconductors
exhibit strange and complex properties difficult to com-
pletely reconcile with one model or the other, it would be
unwise to completely commit oneself to any one theory or
model. It is important to look for models which interpret
known results and also make predictions that can be verified.
Despite the enormous progress made, high temperature su-
perconductivity continues to challenge our intellect.
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