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Tunneling systems in superconducting YBa2Cu307
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Low-energy atomic tunneling has been observed by acoustic methods in the superconductor
YBa2Cu307 at very low temperature. An estimate of the tunneling-system density of states yields
a magnitude suf5cient to account for the linear term observed in recent heat-capacity measure-
ments.

The discovery of superconductivity above 90 K in the
YBa2Cu307 system' has raised questions concerning the
mechanism responsible for the high transition tempera-
tures. The inhomogeneous microstructure of these com-
pounds, as well as for the (La,Sr,Ba)Cu04 series, has
made it difficult to infer fundamental electronic and vibra-
tional parameters from thermodynamic, transport, and
spectroscopic data. The granular character, the impor-
tance of interfacial properties, and the critical role of oxy-
gen stoichiometry lead one to suspect that disorder may be
a significant factor in determining the unusual properties.
Recent measurements of low-temperature heat capacities
C~ have consistently revealed two unusual features: (I) a
low-energy vibrational mode of considerable weight cen-
tered near 10 meV (Refs. 4-6) and (2) a relatively large
quasilinear term. ' The latter contribution has been in-
terpreted generally as arising from normal electrons. A
linear specific heat is also a manifestation of the proposed
resonating-valence-bond state. "

In order to clarify the character of the low-energy exci-
tations in YBa2Cu307, we have measured the low-
frequency sound velocity and damping below 1 K. We
find evidence for atomic tunneling processes in YBa2-
Cu307. An estimate of the tunneling-system (TS) density
of states shows that the TS's are able to exhaust the quasi-
linear term in Cz. Therefore it does not appear necessary
to invoke substantial amounts of normal metal to explain
the low-temperature properties. Moreover, we suggest
that the tunneling systems involve oxygen and propose ex-
perimental tests of their locations.

Preparation of the YBa2Cu307 samples has been de-
scribed previously. The material (T, =92 K) was cut
and polished in the form of a rectangular bar and the sur-
faces were coated with a thin gold film. The sample was
fixed at one end and excited into a flexural mode near 2
kHz using electrostatic transducers. The device was at-
tached to the mixing chamber of a He- He dilution re-
frigerator and could be cooled to 5 mK.

The temperature dependence of the 2-kHz sound veloci-
ty below 10 K is shown in Fig. 1. The dominant features
are (I) a peak at 350 mK and (2) a log-T dependence
below the peak for two decades in T. The log-T term has
been studied extensively in disordered normal ' and su-
perconducting metals' and arises from the resonant in-
teraction of sound with low-energy tunneling systems. A
pseudo-spin- 2 Hamiltonian describing the TS's and their

coupling to phonons and electrons is given by'
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The first term describes the static splitting of the zero-
point energy of a particle in a double-well potential, the
second and third term, the oA-diagonal and diagonal cou-
pling to strain e with deformation potentials M and D, re-
spectively, and the last term the interaction with conduc-
tion electrons. This term, with electron-TS coupling pa-
rameter V&, allows for electron scattering from state k to
k' by a TS undergoing a spin flip and leads to a greatly
enhanced TS relaxation rate' as well as enhanced resis-
tivity. ' Nevertheless, in a superconductor well below T,
the exponentially small quasiparticle density leads to a
negligible contribution from this term' which is herewith
neglected. ' We shall thus assume that TS decay is deter-
mined by a one-phonon process below 1 K, where
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FIG. 1. Sound velocity change (in parts per million) of a 2-

kHZ flexural mode in YBa2Cu307 below 1 K. The logarithmic
temperature dependence below 0.35 K is the signature of reso-
nant acoustic coupling to tunneling systems.
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According to standard TS theory, ' the second term in
Eq. (1) leads to a contribution to the sound velocity

where P is the symmetric TS density of states and T' is an
arbitrary temperature. Therefore the data in Fig. 1 allow
us to calculate PM =5.1x10 ergcm using p=6.3

g cm and v =3.8 x 10 cm s '. In the absence of
coherent techniques which allow an independent evalua-
tion of M, ' the following approach yields an estimate of
the coupling parameters. The third term in Eq. (1) gen-
erates a relaxational interaction between the TS and pho-
nons of frequency co which scales with mT& and which is
additive to the resonant interaction discussed above. It is
the relaxational term which dominates the velocity change
above the peak. Nevertheless, this contribution becomes
largely temperature independent at very low tempera-
tures, where coTj &&1 and we shall take the velocity peak
as signifying coT& =1. Using the above expression for
T~ '(E) and the values E =2kttT, v, =2.8X10 cms
M& =2M, , we find M, =12X10 erg (M, =0.02 eV),
and P =4.2 & 10 erg ' cm . The specific heat of the
two-level systems in YBa2Cu307 is

(4)

We obtain a =1.4 mJ K (mole f.u. ) '. Values report-
ed for a (in the above units) are YBazCu307, 3.0, ' 3.5,
and 20; La~ 85Sro ~5Cu04, 1.6-5; and La~ g5Bao ~5-

Cu04, 3.6-5. ' The presence of an additional, possibly
magnetic impurity contribution in YBa2Cu307 has been
noted and may account for the large value reported in
Ref. 6 even in the presence of a 7-T magnetic field. In
spite of the uncertainty in our P estimate and the variabil-
ity in measurement and sample preparation methods the
agreement is striking.

One aspect of the tunneling process subject to test is the
presence of a time dependence to Cz. For a standard dis-
tribution function, C~ varies as lnt and we would estimate
an enhancement from the short-time value quoted above

by a factor of 5 or so at 1 s. However, the distribution
may be unusual; even though the high-T, superconductors
possess significant numbers of TS's they are not glasses.
For example, the coupling parameter M ~ is two orders of
magnitude smaller than in amorphous Si02, ' but only a
factor of 6 smaller than in KBroqKCN05, a crystalline
orientational glass. In spite of the weak coupling to long
wavelength phonons, the large temperature coe%cient of
the velocity above 1 K, where v is nearly linear in T, indi-
cates strong anharmonicity at energies above a few de-
grees kelvin.

We have neglected electron-TS interactions. In normal
metals the occurrence of a velocity maximum is not asso-
ciated with the coT~ condition but rather with a transition
from primarily phonon to electronic relaxation as T de-
creases. In this case the logarithmic slope of AU/U is C/2.
However, if fast electronic relaxation dominated, the con-
dition mT~ &&1 would be satisfied at all temperatures and
no decrease in the acoustic damping should occur below
the peak. This contrasts with our observation of a small
decrease in the damping below 100 mK. Nevertheless, we
have noted a relatively large and essentially temperature-
independent background damping. It is possible that the
background could occur if there were a large TS-electron
interaction in a small amount of normal metal. '

The most likely candidate for the tunneling species is
oxygen. If the distribution is uniform and extends to a
typical oxygen annealing temperature, —500-1000 K,
then at least 1% of the oxygen can tunnel. It appears like-
ly that defects in the oxygen coordination are responsible
for these modes. In two samples of La~ 85Sr0~5Cu04, it
was noted that the linear term increased as T, decreased,
with a lower T, presumably due to incomplete oxygena-
tion. The most convincing test should occur in
YBa2Cu307 „,where the linear chain oxygens are partic-
ularly mobile. Measurements of the linear term as a func-
tion of x, and the degree of oxygen ordering, would be in-
structive.
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