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The effect ofisotopic

Abstract

substitution in a model polaronic system is presented.

We use a three-site many body electron-phonon model which includes elec-

tronic correlations andelectron-phonon interactions, showing the presence of

polaron tunelling for intermediate and strong couplings. The isotopic substi-

t ution changes the dynamics of polaron tunelling. Additionally in the interme-

diate electron-phonon coupling regime, relevant for high-Tc superconductors,

a change in the local structure is predicted. In this regime, the isotopic shift

of phonon excitations is consistent with results of opticid measurements of

c-axis phonons in YBa2 CUSOT.
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Some important properties of high-Tc superconductors, which were originally a source

of controversy, now have been firmly established. One of them is the existence of unsual

carriers of polaronic character, coexisting with Fermi-liquid like quasiparticles. Such car-

riers produce signatures both in microscopic properties, e.g., a second gap independent of

temperature or anomalous isotopic coefficients in TC,2 and microscopic aspects, e.g., local

lattice distortions.3-6 Another aspect is the role of the axial oxygen for high-Tc superconduc-

tivity, originally discussed by Bishop et al.7 Recent x-ray absoption spectroscopy experiments

by Niicker et al.,8 have shown the crucial presence of apical oxygen holes for the realiza-

tion of high-temperature superconductivity. Theoretically, the coupling of the dynamics of

this polarizable atom with in-plane carriersg explains in a natural manner the observation

of in-plane lattice anomalies,3’10 complex gap structures, and the presence of two kind of

carriers.l

The isotope effect on Tc has been one of the more difficult results to interpret in these ma-

terials. There are experimental complications related to this determination; 1) dependence

of Tc with exact stoichiometry, which can vary under isotopic substitution,ll’12 2) existence

of microscopic phase separat ion,12 and 3) incomplete isot epic substitution. 11 Theoretically,

the interpretation of the isotopic coefficient of Tc has usually relied on the assumption of

coupling bet ween quasi-electrons and harmonic phonons. Precisely this point lead to early

dismissal of the importance of the lattice in high-Tc superconductivity. However, it is now

recognized that if polarons are present the isotope coefficient can differ substantially from

that obtained in BCS, consistent with experimental observations.2 Thus, an intermediate

step in the interpretation of the isotope coefficient in Tc is the understanding of the effect of

isotopic substitution on the excitation spectrum. In this work we analyze the isotopic shift

in the lowest energy excitations of a model which consists of a three-site Hubbard Hamilto-

nian with Holstein hole-lattice interaction. 13We analyzed the isotopic shift in the excitation

spectrum of this Hamiltonian from the weak coupling limit (quasi-harmonic phonons) to the

very strong coupling limit in which the lattice distortions become static.

We considered the three-site model introduced in Ref. 13, which contains an electronic
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part, phononic part, and charge-lattice interaction terms. Here, we only discuss the phononic

and charge-lattice interaction terms which have explicit dependence on the ionic masses. For

the phononic part we considered a Raman active and an infrared active modes. These are

described by boson operators an and alR with bare frequencies UR and UZR, respectively.

We consider a molecular-crystal type. interaction between electronic and phonon degrees of

freedom;

&l-ph = ~~R(a~R + a]R)(~3~~) + ~R(aR + a~)(~~ + ~3 – So),

where ~zR and AR are the respective coupling constants, and ni denotes the number of holes

at a given site. The parameter sO is chosen to avoid artificial shrinkage of the cluster. We

assume two holes present in the cluster, with one of them located in the central site, and

in the limit of weak interaction, the other hole fluctuates between the two outer sites. For

bare phonon energies, we chose w~~ = 600 cm-l, WR= 500 cm-l, and fixed so = 1.17.

Details of the physics of the above model can be found in Ref. 13. Here we only point out

the main findings: i) for sufficiently large values of ~ZR a two site structure developes in the

infrared coordinate, ii) ionic motion becomes correlated with the hole motion, corresponding

to polaron formation, with the appearance of a very small energy scale known as the polaron

tunneling.

Using this model we calculated the change in the excitation frequencies

the mass of the oxygen ion (sites 1 and 3) from 0(16) to 0(18). We note

as we vary

the explicit

dependence on the oxygen mass of the bare phonon frequencies and the electron-lattice

coupling Harniltonian. We consider the relative Shift: [@(~lG) —~(@)/ti(&)] for the low-

lying excitations. ln the case of quasi-harmonic phonons (~~R= 0.05 ev, AR= 0.10 ev),

although the excitation energies are shifted from the bare phonon frequencies by .-J 107o, the

isotopic shifts are the same as in the case of harmonic phonons, showing small deviations

only for higher excited states. In the intermediate coupling regime, the isotopic shift for

the first excitation (polaron tunneling) is negative. The isotopic shift for higher excitations

diifers from that found using harmonic potentials, see Table 1. In this table we also present
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experimentally measured values. 14–16From this comparison we conclude that the isotopic

shifts calculated with the proposed model, differ from the harmonic values and are consistent

with the experimentally observed values. We note however, that other factors could aiso

explain the discrepancies observed between the experimental values and lattice dynamics

calculations which assume harmonic potentials, - e.g., uncertainties in the determination of

normal mode eigenvectors could change the values obtained in lattice dynamics calculations.

Under isotopic substitution, in this polaronic regime, we obtained a change in the two site

structure of w.01 ~. Experimental evidence of a change in local lattice distortions with

isotopic substitution has been recently reported, 17 In the strong coupling regime (~~R= 0.15

eV, AR= 0.10 eV) where the two-site positions differ by &? =0.26 ~[for 0(16)), we obtained

a large negative isotopic shift for the polaron tunneling mode, and an isotopic shift for

the IR excitation which it is still significantly different from the harmonic value. However,

we did not observe a change in lattice distortion. This case could be relevant for isotopic

substitution in manganites, where the observed Jahn-Teller distortions are on the order of

0.2 to 0.3 & Finally, in the very strong coupling limit (JI~= 0.15 eV, ~~= 0.10 eV) the

change in the polaron tunneling is large and negative, but the other excitations converge to

the harmonic case.

In summary, we have studied the effect of isotopic substitution in a model interacting

electron-lattice system. The main effect of isotopic substitution is a change in the polaron

tunneling dynamics, which is accentuated for larger coupling constants. In the intermedi-

ate coupling regime, we find a change in the local structure and isot epic shifts in phonon

excit.at ions which differ from harmonic values. These results are consistent with recent

experiment al observations, giving added evidence for the presence of polaronic effects in

high-Tc superconductors. As dicussed in Ref. 9, the coupling of these carriers with quasi-

electrons has import ant implications for properties of these materials and might be a key

element in understanding the origin of high-Tc superconductivity. This work was supported

by CONACy’T, Mexico, and U.S. Department of Energy.
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TABLES

TABLE I. Optical shift frequencies in YBa2Cus07. Experimental

Aw/w(%) for the Ram an and Infrared modes.

and calculated values of

,./

Mode Exp. Shell model harmonic pol. mod.

Raman active 4.70+ o.4a 5.60a 5.77 4.66

Infrared active 3.60 + 0.4b 4.33= 3.70 3.34

a Reference 15.

b Reference 14.

c Reference 16.
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