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We report measurements of Young’s modulus Y and internal friction & of the high-7, super-

conductor Laz-;SryCuQOs.

For x=0.15, anomalies in Y and & at 7. =40 K are preceded by a

dramatic decrease in Y, indicative of a soft phonon mode beginning near 200 K. For x =0.30, the
softening is absent. The magnetic field dependence of Y and & is investigated, and predictions are

made for AC, and 9H.2/dT.

The recent discovery of superconductivity above 30 K in
the La-Ba-Cu-O system! has initiated a major research
effort directed toward an understanding of material pa-
rameters, mechanisms of high-transition-temperature
(T.) superconductivity and a search for similar com-
pounds.

High-T, superconductivity is usually explained in terms
of strong electron-phonon interactions? or a high density
of states at the Fermi energy. The strong electron-phonon
coupling is often associated with soft phonon modes which
can also induce structural phase transitions. For example,
in most A-15 compounds, cubic-to-tetragonal phase tran-
sitions® are observed, and the soft mode causing the
structural changes is considered to be associated with the
high-7, superconducting mechanism. We present evi-
dence for similar behavior occurring in the Laj—,-
Sr,CuQy system.

We have prepared samples of La,—,Sr,CuO4 by both
coprecipitation techniques and by mechanical mixing of
La,03, CuO, and SrCO;. Pressed pellets of the starting
materials were sintered at 1100°C in air for 44 h. The
polycrystalline samples were characterized by magnetic-
susceptibility measurements [employing a superconduct-
ing quantum interference device (SQUID) magnetome-
ter] and dc-electrical-resistivity measurements; for the
x=0.15 and 0.30 samples we observed, respectively, a
100% and a 1.5% diamagnetic effect. Samples with
x=0.15 indicated a superconducting transition near
T.=35-37 K, while those with x =0.3 had 7,=20 K.
The transition temperatures are in agreement with previ-
ous studies.*

Elasticity measurements were performed using a reso-
nant vibration technique described in detail elsewhere.?
Polycrystalline samples with approximate dimensions of
5x%0.5%0.5 mm? were cut from the sintered pellets with a
diamond saw and rigidly clamped at one end, and flexural
vibrations were induced in the sample and detected with a
capacitive technique. On occasion, a weight (a blob of

KR]

silver paint) was attached to the free end of the sample to
produce a system with a resonant vibration in the experi-
mentally accessible frequency range. All measurements
were performed in the range of 2-7 kHz. Changes in
Young’s modulus Y are determined directly from changes
in vibration frequency, and the internal friction § is in-
versely proportional to the vibration amplitude. 3

Elasticity data for a La;—,Sr,CuO4 sample with
x =0.15 are shown in Fig. 1. As the sample is cooled from
300 K, the normal increase of Young’s modulus from
thermal contraction is observed. At about 200 K, Y shows
an anomalous turnover and decreases with decreasing
temperature until about 100 K, where Y saturates abrupt-
ly. The total change in Y from 200 to 100 K is 14%. At
lower temperatures, Y begins to rise again, and the inter-
nal friction (inverse of the amplitude) shows a strong dip

"%,
°
° °
®
3 Y .
2 ] y
o —@ >
3| A ° T° £
2] @ =)
ol & .‘ g S
5 Q 6 <
o) o -~
> o° IAY/Y=.02 u
A ™) 14 S5
A ™Y 5
A, R ..A La, ggSry.15Cu04 42 %
A A
®eccgootbd e LY S

50 760 750 200
TEMPERATURE (K)

FIG. 1. Young’s modulus Y and resonance amplitude A4
(<1/6) in La;35Sr01sCuQq. The inset shows the superconduct-
ing transition region in detail. T is indicated by an arrow.
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near 25 K. For a given sample, the saturation point in Y
(near 100 K in Fig. 1) was found to be very reproducible
from run to run. The inset to Fig. 1 shows the results of a
careful measurement of ¥ and & near the superconducting
transition temperature 7,=35 K (as determined from
susceptibility measurements). At 7. there exist well-
defined anomalies in both Y and &; these features will be
discussed shortly.

The anomalous high-temperature lattice softening near
200 K in La;—,Sr,CuO,4 was investigated both for
different values of x and for fixed x, but with different
high-temperature sample annealing conditions. Addition-
al annealing of the sample at 900°C resulted in an in-
crease in 7, to 37 K; the corresponding elastic properties
showed behavior similar to that displayed in Fig. 1, but
the drop in Y was increased to 20%, and the saturation
point in Y was reduced to 70 K.

Changes in x were found to have a dramatic effect on ¥
and 8. Figure 2 shows Y for a La;—,Sr,CuO,4 sample
with x =0.3 (T, =20 K). Both cooling and heating curves
are shown (vertically offset for clarity). It is apparent
that a dramatic lattice softening is not observed for
x =0.3. Instead, there are smaller anomalies in Y at 220
and 80 K; the anomaly at 220 K is hysteretic and is sug-
gestive of a first-order phase transition. The internal fric-
tion for this sample was observed to decrease gradually
with decreasing temperature, with no obvious structure.

The elastic behavior described above is remarkably
similar to that observed in the 4-15 compounds.® In these
materials, decreases in Y with decreasing temperature
have been interpreted as reflecting a soft phonon mode
signaling a tendency toward structural phase transforma-
tion. The compounds are intrinsically unstable, and this
structural instability is tied to both the elastic properties
and to the superconductivity mechanism.

Recently, it was suggested®® that the tetragonal
K;,;NiF,4-type phase in La; - ,A,CuO4 compounds also has
soft phonon modes which can be responsible for the high
superconducting temperature within the framework of
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FIG. 2. Young’s modulus Y for La; 7Sro3CuQOs4. The cooling
and warming curves have been vertically offset.
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conventional BCS superconductivity. This softening of
the phonon modes is related to a two-dimensional Fermi
surface nesting and a resulting Peierls-like instability. Al-
though the undoped compound La,CuQy crystalizes in an
orthorhombic structure at temperatures below 530 K,
alkaline-earth substitutes for the La3* ions suppress the
Peierls’ distortions. In the doped samples, the supercon-
ducting tetragonal phase was found even at low tempera-
tures around 10 K.!® The Sr2* ion is the best substitute
for the La®" ion, resulting in a relatively strain-free lat-
tice.

Our observed softening of the Young’s modulus for the
sample with x =0.15 can be interpreted as a result of pho-
non mode softening. This suggests that the sample has a
large portion with a single phase which is most likely re-
sponsible for the superconductivity. Hence, it can be in-
ferred that the lattice is close to an instability and that a
characteristic incipient structural transformation and its
associated soft mode enhance the superconducting tem-
perature. As shown in Fig. 2, the softening of the
modulus disappears when x =0.3, which indicates that a
part of the sample has the structural distortions which
reduce the mode softening. This is confirmed by magnetic
susceptibility measurements on the x =0.3 sample, which
show a very small diamagnetic effect below 7T.. Recent
magnetic-susceptibility measurements'! have shown that
the fraction of the sample which is superconducting varies
with composition and a strong peak exists near x =0.15,
in accord with our elasticity measurements.

We consider now in more detail the elastic anomalies
near 7,. From the inset in Fig. 1, there exists at 7, an
anomaly in Y of magnitude AY/Y =10 3. From thermo-
dynamic considerations, this may be related to a discon-
tinuity in the specific heat '?

T,
Y(37T./90)?

where o is the uniaxial stress. The porosity of our poly-
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FIG. 3. Young’s modulus Y for Laj gsSro15CuOj4 for selected
values of magnetic field.
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crystalline samples makes an absolute determination of Y
difficult, and there is no published stress dependence of T
for La;gsSrosCuQOs. However, if we assume Y = 10'2
dyne/cm? and 87T./dP = 1 K/kbar (as is appropriate for
the La-Ba-Cu-O system'?), we may estimate AC,=4
mJ/K cm?). A specific-heat anomaly of this magnitude
should be experimentally accessible.

Finally, we consider the effect of an external magnetic
field H on the elastic properties of La;-,Sr,CuQO4. Fig-
ure 3 shows Y near the superconducting transition for a
La; g5sSrg.1s5CuO4 sample. In the absence of field, the
anomaly in Y is approximately 10 K wide. A major effect
of H is to decrease the width of the Young’s modulus
anomaly; however, the magnitude of the anomaly AY/Y at
T. is little affected up to H =40 kG. Figure 3 also shows
that the position of the elastic anomaly (which we associ-
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ate with T, is rather insensitive to H. For example,
within a resolution of 0.5 K, an increase in H from 30 to
40 kG does not affect the acoustic anomaly. This sets a
lower bound to 8H.,/8T of 20 kG/K. The initial narrow-
ing of the transition with increasing H could be due to
partial destruction of mixed-gap superconductivity or to
suppression of superconducting fluctuations above T..
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