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Specific-heat and inelastic neutron scattering studies of the high-T, superconducting compound
La& 85Sro&5Cu04 are reported. A distinct anomaly of electronic origin in the specific heat is found
at the superconducting transition temperature. The phonon density of states up to —20 meV is

extracted from both experiments and the two sets of results agree well in yielding a sharply
enhanced density of states at 10 meV, in accord with a recent theoretical study.

The recent discovery ' of high superconducting transi-
tion temperatures (T, ) in the substituted lanthanum
copper oxides has stimulated anew the discussion about
the limits of T, in phonon-mediated superconductors. Al-
though the transition temperatures for the (La,Sr)Cu04
compounds are —40 K, and thus near the upper limit on
T, dictated by conventional phonon-pairing mechanisms,
these high temperatures nevertheless scale up with the
electronic density of states from the related compound
Ba(pb, Bi)03. It is therefore important to determine
whether this new class of oxides displays a novel nonpho-
nonic pairing mechanism or whether traditional phonon
pairing is operative. Theoretical arguments have been
presented for either of the two extreme possibilities
and therefore, any information about the phonons in this
system will be useful.

As a first step towards understanding the role of pho-
nons in this interesting new class of compounds, we have
measured the phonon density of states using both specific
heat C, and neutron scattering probes, for the compound
La~ ssSr0~5Cu04 in the temperature range 2-50 K. At
the transition temperature T, (-37 K) we find the ex-
pected anomaly corresponding to 10+'2 mJ/molef. u. K .
In addition, we also find a pronounced peak in C/T at
roughly 23 K, which corresponds to a peak in the phonon
density of states at 10 meV. This is corroborated by the
existence of a sharp feature in the neutron scattering spec-
trum, also at 10 meV. Our results are compared to those
of a recent phonon calculation for (LaSr)Cu04 which
shows a peak in the density of states at 10 meV as well as
the presence of strongly coupled phonons in this energy re-
gion.

The material was prepared in a manner described previ-
ously. The specific heat measurements were performed
in a standard cryostat, with the calorimeter situated inside
a variable-temperature top-loading copper can. The sam-
ple was in the form of a compressed pellet, 8.76 mm in di-
ameter and 2.27 mm in thickness, which weighed 0.7355
g. The thermometer was a 10-0 Allen-Bradley resistor
with the casing removed and the heater was a 350-Q
strain gauge. Both heater and thermometer were epoxy
glued onto opposite faces of the sample using Armstrong
C-1 epoxy. The method used in the measurement was the

standard semidiabatic heat-pulse technique. The contri-
bution to the total heat capacity from the thermometer
and the heater, determined in a separate experiment, was
20% and 4% of the total at the lowest and highest temper-
atures, respectively, and has been subtracted from all the
data shown.

Neutron scattering measurements were performed on a
50-g sample of La~ 85Sro ~5Cu04 using a triple-axis spec-
trometer at the High Flux Beam Rector of the Brook-
haven National Laboratory. The monochromator and
analyzer crystals were pyrolitic graphite, set for their
(002) reflections. Energy scans at several fixed momen-
tum transfers (Q) were performed by varying the incident
neutron energy. The final neutron energy was fixed at
30.5 meV; a pyrolitic graphite filter before the analyzer el-
iminated higher order contamination of the scattered
beam. The raw data were converted to an unnormalized
phonon density of states by subtracting an co-independent
background and then multiplying by 6 ro/[n (ro) + 1 I,
where

n( ro)+ 1=[1—exp( —Aro/k~T)]

In Fig. 1 we show the specific heat over the range 2-50
K with the lower-temperature data expanded in the inset.
It is clear from the curvature in these data that the lattice
specific heat, which dominates over this range, cannot be
described by a Debye law with a single cutoff frequency.
In addition, the low-temperature C/T data yield a finite
intercept of -2 mJ/molef. u. K2, corresponding to a
linear term in the specific heat. In contrast, for a pure,
single-crystal superconductor one expects exponentially
activated behavior at T« T, with a characteristic energy
corresponding to the gap value. The observed linear term
will be discussed below and compared with the jump in
the specific heat at T, .

In Fig. 2 we show the results of neutron scattering mea-
surements at fixed Q for two different temperatures, 40
and 5 K. These data show, besides an m background, a
distinct peak centered at 10 meV, suggestive of an Ein-
stein or an optical mode possessing weak dispersion near
the zone boundary. Data at other momentum transfers in
this powder sample show the same feature. We can com-
pare the neutron scattering results to the specific heat by
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FIG. 1. The specific heat of La~ 85Sro ~5Cu04 from 2 to 50 K
vs the square of the temperature. The inset shows the low-
temperature region and indications of a linear term with a y of 2
m 3/mole f.u. K 2.
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the following method. One can show that a plot of the lat-
tice contribution to C/T vs ln(T/K) represents an ap-
proximate image of the phonon spectrum F(co)/co vs
In(h /r4o. 93k' T) 'Thus, featu. res in F(ro) at a partic-
ular value of ro show up in C/T at a temperature T
=@co/4.93k~. In Fig. 3 we show such a plot of C/T3, il-
lustrating that the non-Debye behavior is a result of the
same peak in the density of states as that observed in neu-
tron scattering —indeed the peak position of approximate-
ly 23 K corresponds well with the 10-meV neutron value.
We thus can parametrize the specific heat using the two
main features of the neutron spectrum, namely, the co-
background and the 10-meV peak. For this purpose, we
allowed the relative weight of the contributions arising
from an Einstein mode and an m background to vary in
order to achieve the best fit, also shown in Fig. 3. This is
justified by the fact that, in general, different sets of atoms
will participate in these qualitatively different types of ex-
citations and, therefore, scattering data contain density-
of-states information as well as form-factor corrections,
the latter of which will not affect the specific heat. '

Without accurate knowledge of the modes involved, one
can only infer the relative weights of the two contribu-
tions. Besides these contributions, we found it necessary
to include a 4.3-meV Einstein peak —this is consistent
with the neutron data since the peak is so small that it
would not be observable at the present level of precision.
The inset of Fig. 3 shows the three contributions to the
phonon spectrum (drawn to scale) which reproduces the
specific heat quite well over the entire range of the mea-
surements. It is interesting to note that the prefactors of
the analytic forms for the 10-meV peak and the e back-
ground imply that 3.0 and 1.9 atoms per formula unit, re-
spectively, contribute to the low-frequency motion in this
compound. The absence of a contribution from the other
two atoms might be taken as a signal of the importance of
the linear term, discussed below, or as an indication of
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FIG. 2. (a) Neutron scattering spectrum for La~ s&Srp &5Cu04
up to 20 meV for g =3.4 A ' at 5 and 40 K. (b) The inelastic
part of the spectrum presented in (a) after subtraction of an
energy-independent background. The solid line varies as co,
and the dashed line indicates the peaking structure near 10
meV.

higher frequency modes which have already been frozen
out at these low temperatures. '

Next, the role of these phonons in mediating the super-
conducting pairing is discussed. The possibility that these
modes are strongly coupled to the conduction electrons
is suggested by a recent theoretical study of
La~ Sr Cu04. " In this work it is shown that the optical
breathing modes and longitudinal-acoustic modes, both
possessing strong electron-phonon coupling, are drastical-
ly renormalized as a function of Sr concentration. Evi-
dence for the observability of these strongly coupled
modes is suggested by sharp peaks at —10 meV in the cal-
culated quantity a (ro)F(ro). These modes and their cou-
pling to the conduction electrons are strongest for
x =0.15. For other values of x they shift to higher ener-
gies and the coupling becomes smaller. One test of these
ideas would be a study of this 10-meV peak as a function
of Sr concentration. For x &0.15, the theory predicts
that the peak position will move to higher values as more
Sr is added —for x &0.15 no prediction is made. We
have made specific-heat measurements on LaCu04, and
although we see no change in the peak position, we do find
the magnitude of the peak to be about 50% greater than
for x =0.15. This result, although consistent with an ex-
planation that the 10-meV mode involves oxygen, and
therefore is enhanced by reduction on the La site, does not
allow us to determine if the motion is strongly coupled to
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FIG. 3. The specific heat C, divided by T vs the logarithm of
the temperature, expressed in kelvin. The peak at 23 K corre-
sponds to an enhanced density of phononic states at energies of
10 meV (115 K). A linear term of 2 mJ/mole K2 has been sub-
tracted, allowing a conventional phonon spectrum analysis. The
continuous lines, labeled A, Et, and E2 are contributions from
the acoustic and optical branches, as described in the text. The
dashed line is the sum of these three contributions and nearly
coincides with the experimental points over the range of mea-
surement. The inset shows the phonon spectrum (drawn to
scale) used to compute the three contributions. The cutoff fre-
quency for the acoustic branch corresponds to co+by+ 300 K.
Also note the relative unimportance of the lower-energy Einstein
mode for the phonon spectrum.

the conduction electrons.
Obviously, these experiments do not cover the entire en-

ergy range over which phonons important for supercon-
ductivity are expected to lie. The calculations indicate
that this range might extend up to energies as high as 80
meV, yet the main contribution to a (ro)F(ro) comes at
energies near 10 meV. Also one cannot rule out the possi-
bility that much of the experimentally observed structure
is due to rotational, 0 c-axis breathing, or La modes, "'
all of which are weakly coupled to the conduction elec-
trons.

In this discussion concerning peaking structure in
a (co)F(co), we must mention a recent far-infrared (FIR)
surface impedance measurement' on La~ s4Sro ~sCu04.
In this work, a peak in a (ro)F(co) is found to lie at 2.9
meV, but no feature is seen at 10 meV. The determina-
tion of this energy relies on a prior measurement of the su-
perconducting energy gap 260, for which a value of
1.8ksT, is used (obtained in a separate FIR absorption

FIG. 4. The specific-heat diference AC between the mea-
sured values and the results of the fitting procedure as described
in the text, in the vicinity of T, . The curves shown here are
guides to the eye and the jump at T, is estimated to be 10 ~ 2
mJ/molef. u. K'.

measurement). Recent point contact measurements, '7 in
contrast, yield gaps in excess of 260 =4k~ T„ thus requir-
ing further clarification of the gap values.

In Fig. 4 we show the detailed behavior of the specific
heat after subtraction of the total phonon contribution in
the vicinity of T, (as determined by dc magnetization).
The jump at T, is clearly resolved above the scatter and a
value of 10+'2 mJ/molef. u. K is obtained, corresponding
to a y of 7.0 mJ/mole K . This is in good agreement with
both measurements on another sample' of the same nom-
inal concentration as well as with various estimates of y
from critical-field and resistivity measurements. ' o This
value for y is much larger than the value of 2 m J/mole f.u.
K found at lower temperatures and, if the latter is due to
a nonsuperconducting portion of the sample, puts an
upper limit of -20% on the fraction of the sample that
has not become superconducting, assuming similar densi-
ties of states of the nonsuperconducting and supercon-
ducting phases. 2' On the other hand, given the novelty of
the phenomena present in this compound, and the present
state of theoretical speculation, it seems quite possible
that the linear term has an intrinsic origin. In particular,
the possibility of magnetic, or dense defect modes2 can-
not be ruled out at this stage.
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