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Unconventional lattice stiffening in superconducting La2 „Sr„CuO4 single crystals
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Ultrasonic and specific-heat measurements have been performed on single crystals of La2 „Sr Cu04
(LSCO) with x =0.09, 0.14, and 0.19 across the superconducting transition temperature T, . We ob-
served jumplike decreases in the longitudinal elastic moduli at T„as are seen in conventional supercon-
ductors. Anisotropic strain dependence of T, was estimated from both the jump in the elastic moduli
and specific heat at T, via the Ehrenfest relation. With further lowering temperature below T„we
found a pronounced lattice stiffening in the elastic moduli of LSCO, which contrasts with the continuous
softening observed in most of the conventional superconductors. Thermodynamic analysis revealed that
the stiffening originates from the change in the superconducting condensation energy under the lattice
strain. This unusual lattice stiffening in the superconducting state is possibly a common character of the
high-T, copper oxides.

I. INTRODUCTION

Electron-phonon coupling plays a fundamental role in
conventional superconductors. Phonons mediate an at-
tractive interaction between electrons which leads to the
formation of Cooper pairs. For high transition tempera-
ture (T, ) oxide superconductors, it has been widely ex-
amined whether the electron-phonon coupling is essential
to superconductivity.

Studies of superconductivity-induced changes in lattice
properties provide a direct way to probe the relevant cou-
pling of phonons with electrons. Measurements of ul-
trasonic sound velocity or elastic moduli in solids are one
of the most sensitive methods to detect a change in the
acoustic branch of dispersion in the low-frequency limit.
Earlier ultrasonic studies' have revealed that in Nb, Pb,
and V the elastic moduli decrease by less than 0.01%
when the sample is cooled to the superconducting state.
Subsequently, Shapiro, Shirane, and Axe have shown by
inelastic neutron scattering measurements for Nb that
the phonon frequencies of the particular acoustic branch
decrease by about 4% in the superconducting state. This
lattice softening below T, is expected according to the
calculation of the phonon self-energy by Schuster.

In the high-T, oxide superconductors, changes of pho-
non frequencies in the superconducting state have been
observed by Raman scattering, infrared reAection, and
other techniques; the zone-center optic phonon mode at
330 cm ' of YBa2Cu307 shows softening due to super-
conductivity, whereas the mode at 440 cm ' shows
stiffening in the superconducting state. These changes
have been explained by the strong-coupling theory based
on electron-phonon coupling. Recently, Norman d,
Kohno, and Fukuyama have provided a different inter-
pretation on the viewpoint of spin-phonon coupling.

Lattice anomalies have been reported also in the nor-
mal state of the high-T, oxide superconductors. Raman

spectra have exhibited an anomalous decrease of phonon
frequency for YBa2Cu4Q8 well above T, . Extended x-ray
absorption spectroscopy (EXAFS), ion channeling, and
inelastic neutron diffraction have shown the existence of
local lattice distortions due to the buckling motions of
the CuO2 planes. Moreover, dynamical changes of the
distortions ' due to the superconducting transition have
been observed. Recently, we have found a novel lattice
softening in the normal state of LSCQ with x =0.14 in a
particular elastic modulus (C&&

—C&2)/2. " The soften-
ing starts from a temperature appreciably above T„
which, however, turns to stiffening by the appearance of
superconductivity.

La-214 compounds, La2 „M Cu04 (M =Sr, Ba, etc.),
are very well suited for the investigation of the relation
between the lattice properties and high-T, superconduc-
tivity. The buckling structure of the Cu02 planes in
which superconductivity occurs varies with temperature,
doping, and other external parameters. In
La2 „Sr Cu04 (LSCO), superconductivity appears in
both the orthorhombic (OMT: space group Bmab. OMT
denotes orthorhombic at midtemperatures) and the tetrag-
onal phases (THT: I4/mmm THT denotes . tetragonal at
high temperatures). The OMT phase emerges as a result
of a second-order structural phase transition accom-
panied by cooperative tilting of the Cu06 octahedra
about either the [110] or [110] axis of the THT phase.
I.a2 Ba CuQ4 exhibits an additional transforma-
tion' ' from the QMT to a second tetragonal phase
(TLT: P42/ncm. TLT denotes tetragonal at low temper-
atures). A second orthorhombic phase (OLT: Pccn OLT.
denotes orthorhombic at low temperatures) appears in
La2 & y Ndy Sr& CUQ4 The superconducting transition
temperature T, is considerably lower in the TLT and
QLT phases only if the carrier concentration is @-—,'. '

Thus, it indicates an intimate coupling between the lat-
tice strains and superconductivity in this system.
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In this paper, we will present results of elastic-moduli
and specific-heat measurements on single crystals of
Laz Sr„Cu04 with x =0.09, 0.14, and 0.19. We ob-
served anomalies around T, in the longitudinal and trans-
verse elastic moduli in various sound modes. The most
peculiar feature observed is a pronounced increase of the
elastic moduli at low temperatures. In striking contrast,
the elastic moduli in conventional superconductors al-
ways decrease in the superconducting state. ' We will
show that the strain dependence of the superconducting
condensation energy is crucial to the temperature depen-
dence of the elastic moduli below T, .

The structure of the paper is as follows: The charac-
terization of the samples and the experimental pro-
cedures are presented in Sec. II. The results of the
specific-heat and elastic-moduli measurements are shown
in Secs. III and IV, respectively. In Sec. V, we perform
thermodynamical analysis of the elastic data to clarify
the origin of the peculiar lattice stifFening. We conclude
in Sec. VI.

For ultrasonic measurements, the crystals were cut
into parallelepipeds with (100) and (001) planes, and (110)
and (001) planes. The dimensions of the samples are ap-
proximately 4 X 4 X4 mm . Ultrasonic measurements
were performed with a homemade apparatus based on a
phase comparison method. ' Ultrasound in the frequen-
cy range between 10 and 50 MHz was generated and
detected by LiNb03 transducers glued onto parallel sur-
faces of a sample. In the present measurements, the rela-
tive resolution of the sound velocity v was typically—10 . The velocity U was converted to the elastic
moduli by the relation of C,, =pv with mass density p.
In Table II, we list the measured elastic moduli along
with corresponding sound-propagating direction (q), po-
larization (u), and lattice strains (E;) induced by the
sound wave. The measurements in a temperature range
from 1.8 to 350 K were performed by using a He cryo-
stat. The measurements in each magnetic field were per-
formed on cooling from well above T, using a 16 T super-
conducting magnet system (Oxford Instruments).

II. EXPERIMENTAL III. SPECIFIC HEAT

Large and high-quality single crystals of
La& „Sr Cu04 with nominal Sr concentrations of
x =0.09, 0.14, and 0.19 were grown by a traveling-
solvent floating-zone method. ' The Sr concentrations of
the samples were determined by using an electron-probe
microanaiysis (EPMA) as summarized in Table I.

Because it is necessary for thermodynamic analysis of
the ultrasonic data, we measured relative variation of iso-
baric specific heat c~ in detail by using an optical ac
calorimeter (Sinku-Riko Inc, model ACC-VL1). The ab-
solute values in cz were calibrated by a conventional adi-
abatic calorimeter. Samples for the specific-heat mea-
surements were cut from the crystals used for the ul-
trasonic measurements.

The specific heat cz divided by T of La2 Sr Cu04 is
shown in Fig. 1 as a function of temperature. A change
in cz was observed around T, . In order to estimate a
superconductivity-induced change b,c~(T) in c~, we uti-
lized a similar method adopted by Schnelle et al. ;' we
fitted an expression of the total specific heat, which con-
sists of a smooth background and a contribution from su-
perconductivity, to the obtained data. In the present
analysis we assumed the background specific heat c+ is
expressed by a polynomial, which contains both the pho-
non and normal-electron contributions,

CN 2

/I „T",
k= —2

TABLE I. Estimated values of x, T„hcp( T, )/T„AC;;( T, ), and AC;;(0) for x =0.09, 0.14, and 0.19.
Uniaxial strain and pressure dependence are calculated from the jump Acp(T, )/T, and AC;;(T, ).
Strain dependence of the superconducting condensation energy, (1/P)d PldE;, is estimated from
AC;;(0).

x (nominal)

x (analyzed)
T, (K)
hc&(T, )/T, (mJ/K mol)
AC„(T, ) (10 GPa)
6C33 ( T, ) ( 10 GPa)
EC„(0) (10 GPa)
EC33(0) (10 GPa)
d lnT, /dc, b

d lnT, /dc,
d T, /dP, (K/GPa)
dT, /dP, (K/GPa)
(1/p)d'/Id E'.~
i 1/P)d'P/de,
3 (for C/] )

3 (for C33)

0.09

0.091(4)
25.8

5.2(5)
—0.7
—6.5
+2.7
—2.1

—11
+33
+3.2
—6.6

—3600
+2800'
—1500
+2600

0.14

0.138(3)
35.0
9.6(5)

—10.0
—19.0
+32.0
+ 17.0
—22
+30
+3.8
—6.5

—12000
—6600
—3600
+300

0.19

0.190(4)
28.7
10.2(5)

—4.5
—9.5
+6.2
+6.2

—17
+25
+2.9
—5.4

—3400
—3400
—400

+ 1200

'Slight ambiguity remains on the sign because of the uncertainty of the choice of the background elastic
constant.
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TABLE II. Elastic moduli in the tetragonal lattice. Propagating direction q and polarization u of
the corresponding ultrasound for the measurement of the elastic moduli are shown together with the
elastic strain and its symmetry.

Elastic moduli

C
( C11 C12 ) /2

Propagating direction

q [[[100]
qll [001]
qll[»0]

qadi

[100]
qll[001]

Polarization

u [i [100]
u 11[001]
u[/[110]
u/[[010]
u [f [100]

Strain

&xx ~yy

~xy

~yz ~ ~zx

Symmetry I

Aig+B, g

Aig
Big
B2g
E.

3T21—
T2

C

where Ak are fitting parameters listed in Table III. The
mean-field contribution from superconductivity was ap-
proximated by a two-fluid model:

bcp(T, ) Tbc (T)=—
2

(2)

The solid lines represent an estimated mean-field contri-
bution. The values of T, and b,cI, ( T, ) /T, are summa-
rized in Table I. The magnitude of hc (pT, )/T, is com-
parable to that of powder samples, ' suggesting the
volume fractions of superconductivity of our samples are
60—70 %.

12—

La „Sr„Cu04
x = 0.09

10 —/ Tc x = 0.14

This choice of the model is just for simplification of the
analysis, but our final conclusion does not depend criti-
cally on the model. The parameters Ak and the magni-
tude of the jump b.c (PT, ) were adjusted so as to fit our
experimental data. The transition temperature T, was es-
timated by an entropy balance so that the area-
conserving rule is satisfied. The obtained background is
represented by broken lines in Fig. 1. In Fig. 2, we show
the difference b,cp/T after subtracting the background.

IV. ELASTIC MODULI

A. Elastic anomalies around the structural
phase transition

In Figs. 3 and 4 we show an overall temperature depen-
dence of various elastic moduli in La2 Sr Cu04 with
x =0.09, 0.14, and 0.19. The most remarkable feature in
the longitudinal modes is a large softening in C&& around
the temperature as indicated by arrows in Fig. 3. This
softening is due to the structural phase transition from
the THT to the OMT phase at a transition temperature
of Td. An anomaly is also seen in C33 around Td. For
the transverse modes, a softening of -70% was observed
in C«above Td as seen in Fig. 4. This softening was ana-
lyzed by a two-dimensional Gaussian model, as pro-
posed by Migliori et al. The analysis allows us to
determine Td as -300, -200, and -80 K for x =0.09,
0.14, and 0.19, respectively. Below Td, measurements of
C«were prevented by heavy scattering of the sound
wave of this particular mode by structural domain walls
formed in the OMT phase. Changes in elastic moduli
around Td are also evident in (C» —C,z)/2 and C44 as
seen from Fig. 4. Absolute values of the elastic moduli
are listed in Table IV. Here, we employed the tetragonal
representation for the elastic moduli even below Td since
the sample is in a pseudotetragonal lattice.

Phenomenological models of the structural phase tran-
sition have been discussed by many authors' ' ' for

20

T.

30
T (K)

x = 0.19

I

40 50

FICx. 1. Temperature dependence of the specific heat c~ over
T of La2 xSrxCuQ4. The broken lines represent an estimated
normal-state background.

TABLE III. Fitting parameters in Eqs. (1) and (2) for specific
heat. Data between 20 and 50 K were used for the fitting.

0.09 0.14 0.19

4c (T, ) (mJ/Kmol) 134 336 293
A 2 (mJ/K mol) 8906 4188 7556
A

&
(mJ/K mol) 1315 —801.8 —1125

Ao (mJ/K mol) 69.31 50.18 59.18
A

&
(mJ/K mol) —0.9245 —0.6282 —0.699 3

A2 (mJ/K mol) 0.004 647 0.002 976 0.002 949
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0.09
0.14
0.19
0.14'

213.4
263.8
238.1

248

'See Ref. 24.

C

202.0
246.8
238.1

205

(C» —C&2)/2

98.7
98.8
73.4

100

59.6
66.4
64.7
67.4

54.4
66.4
64.7
58.3
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The significant softening observed in C» and C66 sug-
gests the first and last terms are dominant in Eq. (3). This
is in accordance with the measurement of the lattice pa-
rameters in the OMT phase; ' ' a significant expansion is
observed in the ab plane (i.e., E„„+e ~ & 0) together with
the orthorhombic distortion (E„AO). On the other
hand, the c axis contracts slightly (e„(0) in the OMT
phase. Anomalies are seen also in C44 and
(Cii —Ci2)I2 at Td suggesting that the higher-order cou-
pling between the order parameter and the strains c. , and
c, —c.„ is not negligible.

The tilting of the Cu06 octahedra induces both the or-
thorhombic distortion and the expansion of the ab plane.
Correspondingly, both the bond angles and the bond
lengths in the CuO2 planes are modified. These changes
are expected to alter the electronic states and correla-
tions, and to affect superconductivity. A sound wave not
only induces a uniform strain but also modifies the tilting
of the CuO6 octahedra via the coupling involved in Eq.
(3). Hence, one can probe electronic states and supercon-
ductivity by measurements of elastic moduli.

213.5

213,4

I

~14T
10T
5T

213.3—

263.5—

238.0

264.0 ~~.
t

I I

La,Sr Cu04

x = 0.09

5T
x = 0.14

0y H 0 [001]

B. Elastic moduli in the suyerconducting state

Our main data are displayed in Figs. 5—8. Figure 5
shows the low-temperature behavior of the elastic
modulus C33 for the longitudinal sound wave propaga-
ting along the c axis in LSCO. In the normal state, C33

237.5

0 10 20 30
T (K)

40 50

FIG. 6. Temperature dependence of the longitudinal elastic
modulus C» of La& „Sr„Cu04 in magnetic field H~~c The bro-.
ken lines are an estimated elastic modulus in the normal state.

202.0

201.8

246.8
C4

246.6

215.8

215.6

I

14T

OT

I I

La SrCu04

x = 0.19

increases monotonically with decreasing temperature. In
zero field, C33 exhibits a steplike decrease in the vicinity
of T, . The magnitude of the jump b.C33( T, ) IC33 ranges
from 30 to 770 ppm depending on x. These values are
comparable with those reported in polycrystalline sam-
ples of LSCO, but are much larger than the observed
values of several ppm in conventional superconductors.
With further lowering temperature, we found quite
unusual behavior; C33 of LSCO starts to increase in con-
trast with a continuous decrease observed in conventional
superconductors.

We need to estimate a normal-state elastic modulus
below T, to determine the superconductivity-induced
changes in elastic modulus. We applied magnetic field H
along the c axis by which T, is significantly lowered. In
the normal state of LSCO with x =0.14 and 0.19, C33
varies as T below about 60 K as we reported in Ref. 23.
This T dependence is ascribed to the phonon contribu-
tion. A T contribution from normal electrons becomes
important at lower temperatures. Thus, the normal-
state elastic modulus in the temperature range under con-
sideration is expressed by

0 10 20 30

T (K)

40 50

FIG. 5. Temperature dependence of the longitudinal elastic
modulus C33 of La2 „Sr„CuO~ in magnetic field H~~c. The bro-
ken lines are an estimated elastic modulus in the normal state.

CN= Co+ C2 T2+ C4T4 (4)

We estimated the constants Co, C2, and C4 from the data
taken in the magnetic field of 14 T applied along the c
axis in which the normal state persists to the lowered T, .
The broken lines in Fig. 5 represent the estimated back-
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0 10 2p 30

y {K)

4p 50

2p 30

y {K)FIG. 7. Temperature dependence of the transverse elastic
modulus C44 of La& Sr„Cu04. No anomalies are visible
around T, .

grounds. For x =0.09, the data at 14 T itself are used for
background since the fit with Eq. (4) was not satisfactory.
The superconductivity-induced change, b, C33 C33(OT)—C, is plotted in Fig. 9 as a function of temperature.
Now it is clear that C33 exhibits negative jump at T, and
starts to increase at lower temperatures. We will discuss
this anomalous temperature dependence of AC33 in Sec.
VB.

In Fig. 6 we show the elastic modulus C» for the lon-
gitudinal sound wave propagating along the [100] axis in
LSCO under magnetic fields Hllc. For x =0.19, a jump-
like decrease is observed at T, in the zero field. The jump
at T, is less obvious for x =0.09 and 0.14, likely due to
the effects of domain structure formed in the OMT phase.

It is not straightforward to estimate a normal-state
background C of this mode because of a coupling be-
tween the ultrasound and fiux lines (FL's) in the mixed
state. A field-induced enhancement of C&& is obvious at
low temperatures as seen in Fig. 6. This enhancement is
attributed to the elastic modulus of the FL's. Since the
displacement (ulcc[100]) in the sound wave of the C»
mode is perpendicular to the FL's (Hll[001]) in this
configuration, the sound wave compresses (and expands)
the FL's which are rigidly pinned to the crystal lattice
below the irreversibility temperature T*. Consequently,
the compressional modulus of the FL's is superposed on
the elastic modulus of the crystal lattice. The compres-
sional modulus of the FL's, poH, gives an enhancement
of the elastic modulus of -0.16 GPa for 14 T, consistent

FIG. 8. Temperature dependence of the transverse elastic
modulus (C» —C»)/2 of La2 Sr„Cu04 in magnetic fields

Hi[c.

I I I

10 — La,Sr,Cu04

0:——

20—

x = 0.09

10
0.14

-10

10—
g

'~ I

0.19

I l I

10 20 30 40 50 60
T {K)

FIG. 9. The difference in the longitudinal elastic modulus

C33 (q~~c} of La& „Sr„Cu04 between the normal and supercon-
ducting states as a function of temperature. The broken lines
represent a fit with a thermodynamic model.
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with the observation. A lack of such a field-induced
enhancement in C33 under H llc is natural because q IIH 'n
the C33 mode and the sound wave does not deform the
FL's.

The normal-state background C for x =0.09 and 0.19
was estimated in the same manner as we applied for the
analysis of C33 The estimated C is shown in Fig. 6 by
the broken lines. For x =0.14, C&& exhibits slight soften-
ing below about 30 K in 14 T. Since we cannot apply Eq.
(4) for an estimation of the background, C+ is assumed to
follow an extrapolated curve shown by the broken line in
Fig. 6. The superconductivity-induced changes
hC&& =C&&(OT) —C are plotted in Fig. 10 as a function
of the temperature. The lattice stiff'ens in the supercon-
ducting state.

Figure 7 show the elastic modulus C44 for the trans-
verse sound wave propagating along the [001] direction
with the [100] polarization for x =0.09, 0.14, and 0.19.
No appreciable changes are seen at T, within the experi-
mental resolution (hC~. /C~ —10 ). This suggests that
the shear strain c,„,which slides the Cu02 planes relative
to each other, scarcely couples with the superconducting
state.

In Fig. 8, we show the variation with temperature of
the elastic modulus ( C» —C,z ) /2 for the transverse
sound wave propagating along the [110] direction with
the [110]polarization (u). The most remarkable feature
is that only for x =0.14 (C» —C,2)/2 starts to soften at
a temperature around 50 K, which is substantially higher
than T„but shows a turn to a stiffening just below T, . A
corresponding softening was not observed for x =0.09
and 0.19. Thus the softening in the normal state is seen
in a narrow range of x around the optimum doping.

This is different from the behavior of the other elastic
modes which show no corresponding anomaly above T,
(see Figs. 5 —7). It is clear that (C» —C,2)/2 continues
to soften as long as the sample is in the normal state un-
der magnetic fields up to 14 T along the c axis, which

reduce T, from 35 to 14 K. Therefore, the softening is an
intrinsic property of the lattice in the normal state. The
rapid recovery of stiffness starting just below T, indicates
a disappearance of the lattice instability in the CuQ2
plane. Thus, there exists an interference between the lat-
tice softening and superconductivity as we described in
detail previously. " Aside from this unusual softening in
the normal state, the lattice stiffening is also observed in
this mode below T, as is clear for x =0.09 and 0.19.

V. DISCUSSIQN

A. Thermodynamics of elastic moduli
in the suyerconducting state

Opposite to the behavior of conventional superconduc-
tors, the lattice of LSCO stiff'ens in the superconducting
state as presented in Sec. IV. How can one understand
this difference? A number of calculations are available to
describe the change in the elastic moduli in the supercon-
duciing state. Generally, these results are restricted to a
mean-field treatment within a temperature range close to
T, . In the following, we describe thermodynamic rela-
tions of elastic moduli applicable to all T (T„which we
will apply to the analysis of C; of LSCQ.

Let us first consider the relations for the longitudinal
elastic moduli. The difference in the Helmholtz free ener-

gy E per volume between the superconducting and nor-
mal states can be written as

bF =F, F„=—
—,'po—H, ,

where H, is the thermodynamic critical field. The tem-
perature dependence of the difference in longitudinal elas-
tic moduli, hC, , ( T), is thermodynamically given as a
second-order derivative of the diff'erence in the
Helmholtz free energy with respect to strain c;:

La, ,Sr,Cu04
5 —.

lola~ x = 0.09

dH,d H,
b, C"(T)= —p H —+st 0 c

l

0 —.

5—

~o

'~

40

20

0.14
t ~ QAaVIQw g ~ ~ ~ 0

The details were discussed by Seraphim and Marcus ' to
explain hC;;(T) of superconducting tantalum. Tempera-
ture dependence of b, C,, (T) is represented more clearly
when the difference in the Helmholtz fee energy is ex-
pressed in the form of

0— =-==.~~'- —-20

0.19

I I I I I

10 20 30 40 50 60
T (K)

FIG. 10. The difference in the longitudinal elastic modulus
C» (q ~~a) of La2 Sr„Cu04 between the normal and supercon-
ducting states as a function of temperature. The broken lines
represent a fit with a thermodynamic model.

Here f is a function of T/T, normalized as f (0)= 1 and
f (1)=0, P=( —,')p~, (0) is a superconducting condensa-
tion energy at T =0, and only P and T, depend on the
lattice strains E;. The function f may be expressed by the
BCS scaling, a two-Quid model, or other models, but the
form of f is assumed to be independent of E;. Irrespec-
tive of the form of f, the diff'erence in the longitudinal
elastic modulus in Eq. (6) is rewritten as
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d lnT, Tb,cz(T)
hC;;(T)= — + ATb, s(T)

dc; V,&

1 d2+— b.F ( T),
P de2

with

d lnT, d lnT, d Iny d lnT,+2
de; 8E; lE,; 8E;

(8)

(9)

predominantly depends on the sign of d Pld E;. The neg-
ative value of d P/d e, leads to a net stiffening,
C,, (0) & C (0).

Next, the relations are somewhat modified for pure
transverse elastic moduli CI-, linear response to shear
strain cz with symmetry I . The first-order derivatives of
T, and P with respect to Er vanish in Eqs. (8) and (9)
since +c.z and —c& give the same energy state. The
difference in CI- between the superconducting and nor-
mal states is given by

V,iT, b C;;(T, )

bc (T, )

The mean-field contribution gives a negative jump in C,,
at T, as shown schematically in Fig. 11 because the jump
Ac& in specific heat at T, is always positive. At lower
temperatures, the last term in Eq. (8) becomes dominant.
The difference at T=O is related to the second-order
strain dependence hC;;(0) =d P/dE;. Thus, whether the
lattice softens or stiffens in the superconducting state

Here he& /V
&

and hs are the differences of specific heat
and entropy per volume, respectively. We used the molar
volume V,&=5.73, 5.71, and 5.70X10 m /mol for
x =0.09, 0.14, and 0.19, respectively, based on the x-ray
difFraction data near T, . Equation (8) reduces to the
Ehrenfest relation for T = T, :

dT '
(10)

b, Cr(T)= Ths(T)+ — b.F(T) . (11)ldll
Tc ~c dEf.

At T„ transverse elastic moduli exhibit no jump but a
discontinuous change in the slope dCr /dT, which corre-
sponds to b,c2, ( ~ Tdb, s/dT):

KECK QCi-

8T ~ (AT

hc~( T, ) d2T,
+ ~ ~ 0

dc'„

B. Lattice stifFening in the superconducting state

Generally, d PldEf. and d T, /d Eihave the same sign
since P = ( ,' ) T, (hci, (—T,)/T, ) and hcp( T, ) /T, depend
little on s„. Therefore, lattice stiffening is expected if
d //der is negative.

2.0
I

1.0

~ o.o
I

-1.0
0.0 0.5

I

1.0 1.5
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55
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d iti
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d tti
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Transverse mode

d Q

dc

d Q
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FIG. 11. Schematics of a variation of elastic moduli in the
superconducting state. The longitudinal elastic moduli exhibit
hardening below T, when the second-order derivative d2$/dE;
is negative, following the discontinuous jump at T, . No jump is
seen at T, in the transverse elastic moduli. The inset shows
variations of the Helmholtz free energy F, entropy s, and
specific heat cp in the superconducting state.

In order to obtain a specific temperature dependence
for elastic moduli in the superconducting state, we take a
two-fluid form for the Helmholtz free energy in Eq. (7):

f —
[ 1 T2/T2(E )]2 (13)

We performed a least-squares fit to determine the
coefficients in each term in Eq. (8) for Cii and C33 notic-
ing that b, C,;(T, )= (dT, /de;) b—,cz(T, )/T, V», A and
b C;;(0)= —d olds;. The broken lines shown in Figs. 10
and 9 represent a fit with Eq. (8). It shows good agree-
ment with the experimental data except for the region of
the transition width. The estimated parameters are listed
in Table I.

As we have emphasized, the most remarkable feature is
the unusual stiffening in the superconducting state. Fur-
therrnore, there exist indications that such a stiffening is
common to the high- T, superconductors. A similar
stiffening has been reported for YBazCu 306+, al-
though the sample was polycrystalline. Ledbetter has
pointed out that in most of the high-T, copper oxides, T,
increases as the Debye frequency increases. This correla-
tion suggests that lattice stiffening is preferable for high-
T, superconductivity. The difFerent sign of d Pld e; indi-
cates that the copper oxides form a class of superconduc-
tors which involves different coupling between the lattice
and electrons from that in conventional superconductors.

The second feature of interest is the magnitude of the
stiffening b, C;;(0). b, C;;(0) for LSCO is much larger than
those in conventional superconductors. For instance,
b,C»(0)/C»=0. 8X10 for LSCO with x =0.14 while
10 —10 for conventional superconductors. This indi-
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cates the phonons in LSCO are strongly affected by the
change in the electronic state. Kresin has pointed out
the importance of the parameter b, (0)/E~, the gap ener-

gy divided by the Fermi energy. An analysis of the pho-
non self-energy leads to the expression for change in the
elastic moduli in the super conducting state;
b,C;;(0)/C;; -6(0) /E~. For the conventional supercon-
ductors, 6-1 meV and EF=5—10 eV lead to the correc-
tion of elastic modulus AC„(0)/C;; —10 . Gn the other
hand, b,(0)/EF is much larger in the high-T, cuprates
since 5-10 meV and E+=0. 1 —1 eV, which leads to
EC,, (0)/C, , =10 —10, consistent with our observa-
tion.

120— I

80—

60—

40—

20—

This work
ab-axis
c-axis

Gugenberger et al.
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- e- b-axis
-- 7-- c-axis

C. Uniaxial strain dependence of T, -40 I

0.10 0.15 0.20
We determined strain dependence of T, from the jump

in elastic moduli and specific heat at T, using Eq. (10) as
summarized in Table I. From elastic moduli, however,
one can only determine the magnitude of d T, /d c;. The
sign of dT, /dE; must be determined consistently with
other experiments. The strain dependence is related to
the uniaxial pressure (P; ) dependence of T, by the follow-
ing formula:

(14)
dT

Schnelle et al. ' obtained dT, /dP, b =+6.2 K/GPa and
dT, /dP, = —6.7 K/GPa for La, sssro, 2CuO~ from a
thermal-expansion measurement. Maeno et a1. report-
ed dT, /dP, b =+3 K/GPa and dT, /dP, = —2 K/GPa
from a thermal-expansion measurement for the same
sample of La& 86Sro &4Cu04 that is used in the present
work. A recent thermal-expansion measurement by
Gugenberger et ah. gives dT, /dP, =+2.5 K/GPa,
dT, /dPb =+4.9 K/GPa, and dT, /dP, = —6.8 K/GPa
for x =0.15. The signs of the pressure dependencies of
T, are opposite along the a and c axes, while the magni-
tude difFers slightly. We obtained dT, /dP; using C;J re-
ported in Ref. 24 as listed in Table I. The obtained mag-
nitude is in the same order with the reported values, sug-
gesting the validity of our estimate of the jump b, C;, ( T, ).

In LSCO, both dT, /ds, and dT, /dc. , depend only
weakly on x and hence on the carrier concentration as
seen in Fig. 12. Results from the recent data are shown
together. In many oxide superconductors, the sign of the
strain dependence of T, depends on the carrier concen-
tration p and where it is placed on the bell-shaped T, -p
curve. This is because one of the dominant effects of the
strain is a charge redistribution from the blocking layers
to the Cu02 planes predominantly due to the contraction
of the c axis. This scenario successfully explains the
pressure dependence of T, for YBazCu306+y7 in which
dT, /de, is negative for the underdoped samples and is-0 for the samples with optimized T, . ' ' In contrast,
positive values of dT, /dc. , regardless of doping x in
LSCQ suggest an importance of other effects than the
charge redistribution.

The strain dependence of T, in LSCQ is possibly dom-
inated by a coupling between strains and tilting of the

Sr content x

FIG. 12. Anisotropic strain dependencies d lnT, /dc. ; (i =ah
and c) calculated from hC;;(T, ) and Ac~{T, ) via the Ehrenfest
relation. For comparison we show the d 1nT, /dc; estimated
from Ref. 38.

Cu06 octahedra. Yamada and Ido claimed from
thermal-expansion measurements under hydrostatic pres-
sure that T, increases when the tilting of the Cu06 oc-
tahedra is reduced. The reduction of the tilting accom-
panies a contraction of the ab plane (E,b (0) and an ex-
pansion of the c axis (E, )0) as we discussed in Sec. IV A.
Therefore, dT, /dE, b &0 and dT, /dE, )0 obtained in
this study support the dependence of T, on the tilting.
The coupling between the tilting of the Cu06 octahedra
and superconductivity is also suggested by neutron and
therma1-expansion measurements in La& 87SI o $3CuO4
(Ref. 26). According to a band calculation, the tilting
about the [110]axis causes little change in the electronic
structure around the Fermi level; however, it is plausible
that a change in Cu-0 bond angles and lengths by the
tilting alters the electronic correlations and changes T, .

VI. CDNCI, USIONS

The high quality single crystals, high-resolution
sound-velocity measurements, and strong magnetic 6elds
allowed us to explore the peculiar features in the elastic
properties of La2 Sr Cu04. We measured both the
elastic moduli and specific heat for x =0.09, 0.14, and
0.19. From the jumplike decrease in the longitudinal
elastic moduli C33 and C&& and the specific-heat jump at
T„we estimated the anisotropic strain dependence of T, .
The values of dT, /dc;(i =ah and c) are . almost indepen-
dent of the doping x. This suggests that the charge
transfer from the blocking layers to the Cu02 planes is
not the origin of the strain dependence of T, . The oppo-
site signs of dT, /dc, b and dT, /'dc, are attributed to the
tilting of the Cu06 octahedra induced by the lattice
strains c,-.

Thermodynamic analysis was developed to explain the
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temperature dependence of the elastic moduli of super-
conducting LSCO. The anomalous increase of the elastic
moduli at low temperatures is ascribed to the strain
dependence of the superconducting condensation energy
P; d /Id E; is negative in LSCO while positive in most of
the conventional superconductors. Understanding of the
physical implication of these second-order derivatives
may involve a proper treatment of lattice inharmonicity.
Although the microscopic origin of the lattice sti6'ening
in the superconducting state still remains to be investigat-
ed, we believe this finding provides an important key for
the mechanism of high- T, superconductivity.
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