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Detailed neutron scattering measurements have been made for selected phonons for Bi;SraCaCu;Os.
The temperature dependence of the linewidths indicates large anharmonic effects particularly for the ox-
ygen modes. The superconductivity induced change in width below T. of the two highest energy oxygen
modes is found to be nearly 2% of the phonon energy suggesting a large electron-phonon coupling.

PACS numbers: 74.70.Vy, 63.20.Dj, 63.20.Kr, 63.20.Ry

A number of measurements now show that the lattice
dynamics of the high-T,. superconductors have unusual
effects, particularly near 7,. Large changes are found in
the ion channeling in YBa;Cu307 and ErBa;Cu;07 in the
vicinity of the transition 7. [1,2]. Neutron resonance ab-
sorption spectroscopy (NRAS) for Cu in Bi,Sr,CaCu,0s
shows that the kinetic energy (KE) drops rapidly slightly
above T,, but then remains temperature independent as
the temperature is reduced further [3]. Cu K-edge x-ray
absorption data indicate that there is an instability in the
motion of the axial oxygen at the superconducting transi-
tion in YBa,Cu307 [4], and dynamic changes in the local
structure at 7. have been observed for Tl;Ba;CaCu,Og
by neutron scattering [5]. Although dispersion curves
have been established for YBa,Cu307 -5 [6,7], no neutron
scattering measurements are available for high-7, super-
conductors showing the change in phonon linewidths re-
sulting from superconductivity. Here, we report neutron
scattering measurements on Bi,Sr,CaCu,Og (2:2:1:2) un-
dertaken to study the interaction between the lattice dy-
namics and superconductivity. Raman scattering and in-
frared spectroscopy can be used to study g =0 phonons;
however, phonons at general points in the zone would be
expected to behave very differently than the ¢ =0 pho-
nons. This may be particularly true for materials like
2:2:1:2 because an important length scale for supercon-
ductivity, the coherence length, is very short. Our mea-
surements made for the high-energy oxygen vibrations in
the region of the zone boundary demonstrate that consid-
erable anharmonic effects are present in the material, and
that sizable increases in the phonon widths occur below
T..
Because of the complex structure of the material, the
phonon dispersion curves have many branches close to-
gether in energy, and it is difficult to establish the posi-
tions of all the branches. Since the KE measurements for
2:2:1:2 showed the most unusual behavior for motion in
the Cu-O planes, it was decided to concentrate on the
phonons propagating in the planes. It is difficult to grow
large high-quality crystals of 2:2:1:2, although rods of the
material can be grown by the floating-zone technique in
which the a and b axes alternate in being well oriented
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along the growth direction. The material is orthorhombic
with a=5.408 A, b=5.413 A, and ¢ =30.87 A; however,
since a is nearly equal to b, we will neglect this difference
and consider the tetragonal cell only. Calculations for
phonon dispersion relations made with the orthorhombic
cell showed little difference from those made with the
tetragonal cell for the modes of present interest. Six rods,
about 0.75 ¢cm in diameter and 4 cm long, were aligned
together to make the sample. The sample thus had only
the a(b) axis aligned and had a mosaic spread of 13°
(FWHM). T, was measured by ac susceptibility for each
of the rods. The transition showed an onset at 83 K and
was rather broad with a tail extending to 75 K. The large
mosaic spread of the sample restricted the types of modes
we could measure; however, the modes of most interest
are the longitudinal zone-boundary modes, and these are
affected little by the sample mosaic spread. Our mea-
surements were made using triple-axis spectrometers at
the High-Flux Isotope Reactor at Oak Ridge National
Laboratory and the MARI time-of-flight spectrometer at
the ISIS facility at the Rutherford Appleton Laboratory.

Calculations were made for the 2:2:1:2 material using a
shell model with short-range Born-Mayer interactions
[V (r) =Ae ~"]. A fuller description of the model as ap-
plied to La;CuO4 may be found in Ref. [8]. We have es-
tablished the zone-boundary energies of modes propaga-
ting in the (r,7) direction, in terms of square lattice no-
tation. These measurements along with previous Raman
data for the 4, and B, modes provide fewer than twen-
ty experimental guidelines to adjust roughly forty param-
eters. In this circumstance, starting values for parame-
ters were taken from Ref. [8] and other sources in the
literature and varied to move calculated and measured
energies closer. It is found, as with other perovskites,
that there is a tendency for instability, signaled by nega-
tive eigenvalues. For the 2:2:1:2 structure, shear along z
is a particular problem. For the current calculation, pa-
rameters were determined so that there are no negative
eigenvalues along major symmetry directions. Good
agreement (10-20)% is found between the neutron
scattering measurements and the energies obtained from
the calculation. The calculation can thus be used to iden-
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tify the atomic displacement patterns associated with the
measured energies. No evidence in our measurements is
found for the large sharp bosonic peak at 10 meV found
by Arnold, Mueller, and Swihart [9], with either the sam-
ple discussed above or with oriented powdered samples
made to examine the phonon density of states for the a-b
planes.

Because of the large number of closely spaced phonon
modes, it is, in general, almost impossible to isolate indi-
vidual phonon modes to study. However, our measure-
ments and calculations show that for most of the zone the
top two oxygen modes are sufficiently far above the other
modes in energy that they can be studied individually.
We will first discuss measurements for the highest energy
mode in the spectrum, made at the 0.8(x,x) position us-
ing a triple-axis spectrometer. The triple-axis spectrome-
ter utilized a Be monochromator and a pyrolitic graphite
analyzer with collimations of 40 min before and after the
monochromator and 40 and 80 min before and after the
analyzer. The measurement was made at the (1.6,1.6,0)
position in reciprocal space rather than the (1.5,1.5,0)
zone boundary (r,7) because kinematical constraints of
the scattering geometry for the optimum initial and final
spectrometer energies prevent closing of the scattering
triangle at the (1.5,1.5,0) position. The increasing ratio
of multiphonon to single-phonon scattering precludes us-
ing larger zone-boundary reciprocal-lattice positions.
The motion of the oxygen is essentially the breathing
mode in which the oxygen motion is directly toward the
Cu atoms. We find that this mode is very broad and is
difficult to distinguish from the highly sloping multipho-
non background above 150 K. As the temperature is
lowered, the mode sharpens and the background disap-
pears with the minimum width found near 70 K. The
large linewidths and large multiphonon scattering at the
higher temperatures are a signature of anharmonic
effects. As the temperature is lowered below 70 K, the
peak broadens again. Measurements at ISIS were made
only at 120 and 70 K and are in good agreement with the
triple-axis measurements at these temperatures. Figure 1
shows triple-axis measurements for this mode made at
several temperatures.

The second phonon mode examined is the next highest
mode where spectra were obtained at the (2.3,2.3,0)
reciprocal-lattice position 0.6(x,z). This position was
chosen to take maximum advantage of the focusing con-
ditions of the three-axis spectrometer. A higher momen-
tum value could be used in this case as the multiphonon
scattering is not as large at this somewhat reduced ener-
gy. This mode also samples the in-plane oxygen motion,
with the motion this time being along the a(b) direction.
Measurements for three temperatures are shown in Fig.
2. The results are similar to those found before as the
minimum width is found near the superconducting tem-
perature. Measurements at ISIS revealed that differ-
ences in the phonon line shape between 120 and 70 K are
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FIG. 1. Triple-axis measurements at the 0.8(x,7) position
for the oxygen mode centered near 76 meV.

not restricted to 0.6(x,7) but occur over much of the
branch. We note that the phonon energy is slightly re-
duced at 70 K relative to 120 or 10 K. The top curves in
Fig. 3 show the phonon widths for these modes obtained
by least-squares fitting a Gaussian line shape to the data,
plotted as a function of temperature. Our Gaussian fit in-
cluded a sloping background although the background is
nearly flat below T, which is the temperature region im-
portant for determining the electron-phonon coupling.

It takes too much spectrometer time to make complete
scans at closely spaced temperature intervals; however, a
good indication of the phonon widths of the two highest
energy modes can be obtained by picking an energy be-
tween them and counting at that energy as a function of
temperature. The count rate will be high when the pho-
nons are broad so that they overlap to some degree, and
low when the phonons are narrow. Some of the back-
ground is multiphonon in nature and this will also reduce
as the phonons become narrow. The third plot in Fig. 3
shows the temperature dependence of a measurement
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FIG. 2. Triple-axis measurements at the 0.6(z,x) position
for the oxygen mode centered near 62 meV. A number of runs
have been averaged together to achieve the error bars shown.

made at (2.3,2.3,0) at the energy of 70 meV, which is be-
tween the two oxygen modes. The solid points with the
reduced errors were counted for longer times. The result
shows the strong anharmonic behavior at the higher tem-
peratures, and that the phonon linewidth is a minimum
near the superconducting transition temperature.

We found one low-energy position where an intense
phonon peak could be clearly isolated. This is at an ener-
gy of 5 meV on the longitudinal-acoustic branch at the
0.5(r,m) position. The behavior here is different as the
linewidth is quite temperature independent between 70 K
and room temperature. A slight narrowing seems to take
place below 70 K, but this narrowing is near the uncer-
tainty of the measurement. The widths are shown in the
lowest plot in Fig. 3. The linewidths at all temperatures
are considerably wider than the instrumental resolution
of 0.65 meV, perhaps because of the Bi-O plane disorder.

A number of other modes have been studied, and, while
well-defined isolated spectra were not obtained, it is clear
that considerable anharmonicity also exists for the modes
in which the Cu is in motion. It appears that the rapid
loss of anharmonicity for the Cu-O modes as the temper-
ature is lowered toward T, contributes to the sudden drop
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FIG. 3. The first two curves show the measured widths for
the 76- and 62-meV modes for temperatures above and below
T.. The third graph is a measurement of the scattered intensity
at 0.6(r,7) and 70 meV made as a function of temperature.
The solid points with the smaller errors were counted for a
longer time period. The bottom graph shows the width of the
longitudinal-acoustic branch at 5 meV and 0.5(x,n) for temper-
atures above and below T..

in Cu KE found in the NRAS measurement. The KE of
a phonon is given by an integral over its spectral line
shape weighted by the square of the energy. A broad
phonon centered at the same energy thus has a much
higher KE than a narrow one. We note that the normal-
ized minimum yield for oxygen from ion channeling by
Haga et al. [1] for YBa;Cu30;7 looks very similar to our
width measurements shown in Fig. 3, suggesting that the
modes examined in the present experiment may be simi-
lar to the modes in YBa,Cu3;05 responsible for much of
their observed effect. Their results do not show quite as
large a change in anharmonicity above 7., which is con-
sistent with recent NRAS measurements made for the
KE for Cu in YBa,Cu3O7 [10]. It is not clear how the
sudden loss of anharmonicity near T, is related to super-
conductivity.

The broadening of the oxygen linewidths below T
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seems directly related to superconductivity as the broad-
ening appears to follow the superconducting order param-
eter. This is to be expected as phonons above the gap
have extra decay channels from the breaking of Cooper
pairs. This has been documented for the case of Raman
scattering and infrared spectroscopy for the near ¢=0
phonons in RBa;Cu307 for various rare earths R [11].
Data analysis based on calculations by Zeyher and
Zwicknagl [12] yielded values of the electron-phonon
coupling constant A, for each phonon branch. It is not
such a simple matter to obtain A, for the ¢#0 phonons.
Zeyher [13] has made a strong-coupling calculation of
the phonon widths resulting from superconductivity for
various positions in the zone using a model Fermi surface.
This calculation suggests that the phonon width changes
due to superconductivity would generally be small for
phonons near the zone boundary, which in turn implies
that a large A, would be needed to account for observa-
tions.

We can obtain the extra phonon width observed below
T, from our Gaussian fits and a knowledge of the spec-
trometer resolution by using the technique of Wertheim
et al. [14]. The increase in width is found to be 1.0 = 0.5
meV or 1.6% for the 62-meV mode and 1.5+ 0.5 meV or
2% for the 76-meV mode. We note that this is larger
than the ¢ =0 value of about 0.5% found by Litvinchuk,
Thomsen, and Cardona [11] for RBa;Cu3O; for the
highest energy oxygen mode. This would suggest that the
present measurements support a reasonably large A, for
these modes.

The average value of A for (2:2:1:2) can only be ob-
tained by comparing our results to a calculation that in-
corporates the correct Fermi surface for this material.
Also, the observation of a large A, at one point in the
zone does not imply a large overall electron-phonon cou-
pling. Crespi and Cohen [15] have shown that anisotrop-
ic Fermi-surface nesting can result in large electron-
phonon effects for particular modes even though transport
measurements suggest a much smaller electron-phonon
interaction.

We find it very interesting that the high-energy phonon
modes have such a dramatic change in width at tempera-
tures just above T.. As seen in Fig. 1, the 76-meV mode
changes from being almost unobservable at 150 K to be-

ing well defined at 70 K. This suggests anharmonic
effects that are associated in some manner with the super-
conductivity. It would thus seem necessary to consider
anharmonic potentials in calculations that address the
problem of phonon-mediated pairing in high-7, supercon-
ductors.
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