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Temperature-dependent x-ray diffuse scattering from single crystals of La2 „Sr„Cuo~
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X-ray diffuse scattering from single crystals of La2 Sr Cu04 (x=0.10,0.15,0.20) was studied in the
vicinity of several Bragg peaks near the c* axis as a function of temperature. While the diffuse scatter-
ing at room temperature is dominated by phonon scattering, at low temperatures residual nonphonon
diffuse scattering is clearly seen. The intensity of the residual nonphonon scattering depends upon tem-
perature and composition in a characteristic manner. It is suggested that the nonphonon scattering is
due to local lattice distortions induced by charge carriers in these compounds.

I. INTRODUCTION

It has become recognized as a result of various non-
crystallographic structural studies that the actual local
atomic structure of high-temperature superconducting
oxides is slightly deviated from the average crystallo-
graphic structure. ' Evidence of such local deviations is
provided by extended x-ray-absorption fine-structure
(EXAFS) studies, pulsed neutron atomic pair-
distribution function (PDF) studies, ' anomalously
large x-ray and neutron thermal factors, ' observation of
IR-active modes by Raman scattering, ' NQR measure-
ments, ' PAC measurement, ' and electron diffraction. '

The 6rst two types of studies, as well as ion-
channeling' ' and inelastic neutron scattering stud-
ies, ' ' have revealed anomalous lattice behavior near the
superconducting transition temperature, prompting a
speculation that the lattice may be intimately involved in
the superconducting phenomena. Even though some of
the claims of local distortion, particularly of the split api-
cal oxygen sites, ' have been questioned, ' and are still
controversial, there seems to exist strong enough evi-
dence for the presence of some significant local atomic
displacements or local lattice vibrations beyond what are
expected for phonon excitations.

These local atomic deviations should result in addition-
al diffuse scattering of x rays other than thermal diffuse
scattering (TDS) due to phonons. The purpose of the

present study is to detect such x-ray diffuse scattering
from single crystals of superconducting oxides. As will
be described in this paper, our study uncovered
significant nonphonon x-ray diffuse scattering intensities
which depend upon composition and temperature and
could be interpreted as to be originating from the
charge-induced local lattice distortion. The measure-
ments were made on La2 Sr Cu04 (x =0.1,0. l5, 0.2)
single crystals. The La& Sr„Cu04 superconductors
offer a unique opportunity to study properties as a func-
tion of doping. The system evolves from an antiferro-
magnetic insulator to a superconductor and then to a
metal with increasing strontium content. The maximum
in T, is observed at a so-called optimum doping, at about
x =0.15. The isotope effect depends on the value of x
and is minimal also at about x =0.15. The normal-
state transport properties, especially charge dynamics,
are distinct from normal metals and are sensitively
dependent upon composition.

II. EXPERIMENTAI. METHODS

X-ray scattering measurements were performed at the
National Synchrotron Light Source (NSLS) beamline X-
25. This beamline is a 27-pole wiggler line with focusing
optics that produces a beam with very high Aux and bril-
liance. The size of the x-ray beam at the sample was typi-
cally 1 X 1 mm . The scattered x rays were detected by a
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Ge solid-state detector. The energy resolution of the Ge
detector was 230 meV at 20 keV. Photon energy was
tuned to 1 8 keV and pulse height analyzers were used to
monitor the intensities of the scattered x rays and Sr and
Cu fluorescence signals. The Sr fluorescence signal was
used in order to normalize the scattering intensity, taking
the Sr concentration of the sample into account. This al-
lowed the scattering intensities from three different sam-
ples be compared directly. The measured wave-vector
resolution of the system was o. =0.002 1 A

0

0 0
o. =0.0048 A, o.,=0.0032 A, where cr is a standard
deviation. The incident x-ray beam was in the Ix-z plane
and the z axis was parallel to the scattering vector Q,
! Q!=47r sinO /A. , where 0 is the difFraction angle and A, is
the wavelength of the x ray. The scattering intensity
through the Bragg peak (0,0, 1 8) in the scan (0,0, 1 8 +g) is
shown in Fig. 1 in the logarithmic scale. The Bragg peak
itself can be fitted by a Gaussian function as shown, while
there is significant intensity away from the Bragg peak
which is not due to the resolution effect, but represents
diffuse scattering. The diffuse scattering measurements
were carried out at least 6 .o. away from the Bragg peak
in order to avoid the tail of the Bragg peak. The
multiple-scattering intensities due to the combined
small-angle scattering and Bragg scattering were
identified and excluded from consideration. Additional-
ly, several high-resolution measurements were performed
using a Si [1 1 1] analyzer crystal to rule out possible reso-
lution problems. In this case, the Q resolution was
o =0.00 10 A ', cr =0.0028 A ', and o, =0.0008 A
respectively.

Three single crystals of Laz Sr CuO4
(x =0.10,0. 1 5,0.20) were grown by the floating zone
method. Their dimensions are 2 X 2 X 1 mm (x =0. 1 ),
3X4X 1 mm (x =0.15), and 2X 1 X 1 mm (x =0.2)

La& 8Srp 2CUO4 single crystal, T= 1 0 K
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with the largest area perpendicular to the c axis, in the
tetragonal notation, for x =0. 1 and 0.2, and to the a axis
for x =0. 1 5 . The respective superconducting tempera-
tures are T, =30 K for x =0. 10, T, =35 K for x =0. 15,
and T, =3 1 K for x =0.20, as determined by the onset of
the Meissner effect. The crystals were mounted in a
closed-cycle displex refrigerator. Measurements were
carried out from 10 K to room temperature.

III. RESULTS

The intensity of x-ray diffuse scattering at low temper-
ature is weak even when the measurements are made with
the wiggler beam, as shown in Fig. 1, being 7 orders of
magnitude lower than the Bragg peak intensity at large q
values, where q is the deviation of Q from the nearest
Bragg point. Thus, it is impractical to attempt measure-
ments over a wide range of Q space, particularly when
the temperature dependence is of interest. In the present
work, we focused on the diffuse scattering near the c *

axis, since the pulsed neutron PDF studies indicated
significant oxygen displacements along the c axis. '"
Furthermore, most of the results shown here were ob-
tained near the Bragg peaks. No extra intensities other
than the background and Compton scattering intensity
were detected around the forbidden diffraction peaks
such as ( 0,0, l =odd). Also, negligible diffuse scattering
was observed near the weak superlattice peak for the or-
thorhombic phase, (0.5,0.5,1) in the tetragonal indices.
Measurements were made around ( 0,0, l) Bragg points
with l =6, 8, 10, 12, 14, 16, 18, and ( —1, l, l) and (

—2, 0, 1)
Bragg points with l = 14, 1 8 in the tetragonal indices. In
this paper, we will discuss mainly the results obtained
near the (0,0, 1 8) Bragg peak. Earlier results were report-
ed elsewhere.

At this level of sensitivity, diffuse scattering from many
crystallographic defects were observed, even though the
crystal can be regarded as high quality, judging from the
conventional Laue pattern or sharpness of the Bragg
peaks. These scattering intensities due to defects can be
easily identified since they are temperature independent
and typically have a form of diffraction rods, indicating
that they are due to planar defects in real space, like
stacking faults. They do not form any systematic pattern
near different Bragg peaks or for different crystals, except
that they can be frequently found on the crystal axes.

If we denote the position of an atom in the nth unit cell
pn y R n + y +un, y& where Rn is the position of the nth
unit cell, r is a vector pointing to the atom within the
nth cell, and u„describes displacement field (both static
and dynamic), then the difFuse x-ray scattering amplitude
due to the displacement field at the momentum transfer
Q is proportional to

(Q)=$(Q —q —+)gf (g)e 'e rQ u

FICx. 1 . X-ray scattering intensity in logarithmic scale (to
base 10) in the scan along Q = (0,0, 1 8 ) +q with q!!zthrough the
(0,0, 18) Bragg peak. The dashed line is a Gaussian fit to the
Bragg peak. Strong diffuse scattering is seen outside the Bragg
peak tail.

where fr(Q) and Wr describe the atomic scattering fac-
tor and the Debye-Wailer (DW) factor, respectively, of
the yth atom and K is the reciprocal-lattice vector. '

Uq y is a Fourier transform of u„y..



52 TEMPERATURE-DEPEND ENT X-RAY DIFFUSE SCATTERING. . . 6831

iq(R„+r )1
qr= ~g ~u~in, y

The d P'diffuse scattering intensit w
'

n ensity, which is a quare of the
, is t en proportional to ( ~

t ~ di 1 - ~ t 1 11
Q

~ ~

a ong t e c axis cann be studied by ob-

I ordrtose a t h
a ermg with Q nearl

due to phonons fr
separate thermal diffu'ffuse scattering (TDS)

1 d h TDS
ns rom the total scatt

' ' '
w

intensity ~s uar
, we

h 11 d l. Th fe orce constants and
'

rg
were chosen to re rodu

d t
h K 1 h h

a a or the La CuO s'

F g-
or t e DW factor an

F0

'ng intensity was added.
igures 3(a) and 3(b) present intens'

Pp
n Fig. 4, the diffuse in

in t e (0,(, 18+~) lan
' . ' i-

1 diff tt *ca enng was re or

d to t R
cates that the cont 'bn ri ution from the f

er examination indi-

h
la ter. The calculated TDS due to

i mig t appear, as we
e due to phonons in (g, g, 17.85)

are s own in Figs. 5 and 6. Th
e scaling factor will b d

'
w. ti e escribed below. At

this temperature (10 K) e measured g
consi erably from the

scattering intensit' d
e calculated diffus

i ies, and are clearl m
se

the TDS, particul 1 1ar y c oser to the Bra
y much stronger tha n

Figures 7(a) and 7(b)
' cpresent diffuse sc

d 1 (0$ I I=
~ ~ldl h

C
n e calculated TDS in

ompton scattering int
to U lik t T=10 K

'

g intensity given in t
e a =10 K, the measured and calcu-

La., ssSro, sCUO T=10 K

150

I
m 100

CD

5

3

80—

60— 300 w

)
CD

E
LU 40-

20—

250-

(9 200-
V)

m 15Q-

o 100

50

Q

0.1

0.00 0.25 0.50

FIG. 2. Phonon disonon dispersion calculated b th
a CuO in(100) dire t' 'Rirection {Ref.32).

FIG. 3. Diffiffuse scattering for the x =
an (b) (g, g, 18—g) planes.



6832 W. DMOWSKI et al. S2

La«Sr»Cu04, T=10 K Calculated TDS x=0.15, T=10 K
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FICx. 4. Diffuse scattering in the (O, g', 18+/) plane for the
x =0.2 crystal at T=10K. FICx. 6. Calculated TDS due to phonons in the ($,$, 18—g)

plane.

lated intensities match reasonably well at 300 K. The
scaling factor for the experimental data was chosen for
each crystal so that the data at 300 K match the calculat-
ed intensity at large q=g —K, where K is the reciprocal
vector for an adjacent Bragg peak. The scattering inten-
sity from each sample was normalized by the Sr Auores-
cence. By taking the Sr concentration in each sample
into account, it is expected that the scaling factor be the

Calculated TDS x=0. l5, T=10 K

150
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O

FICx. 5. Calculated TDS due to phonons in the ($,$, 17.85)
plane.

same for all samples. This indeed is the case within 5%,
confirming our interpretation that the diffuse scattering
observed at room temperature is dominated by the TDS
intensity. The calculated intensity agrees with the mea-
sured intensity even far away from the Bragg peak, indi-
cating that the true instrumental background is negligibly
small. As shown in Fig. 7(a), the observed diffuse scatter-
ing at room temperature is dominated by TDS. For corn-
parison, note that in Al-doped YBCO-123 the nonphonon
diffuse scattering is more intense than the TDS, even at
room temperature. This is not surprising, since Al was
introduced to enhance vacancy ordering in that sample.
The nonphonon scattering intensities discussed here are
much smaller than those observed in Ref. 36.

Both the observed and calculated intensities show a
characteristic dip when crossing the l axis. While the au-
thors of Ref. 35 considered this dipping feature anoma-
lous, this feature itself is merely a consequence of the
difference between the longitudinal and transverse sound
velocities. When q is parallel to the I axis, only the TDS
due to longitudinal modes along l is observed. When q
deviates from the I axis, we start to pick up softer trans-
verse modes which cause an increase in the TDS intensi-
ty. Eventually, the diffuse scattering intensity diminishes
at large q, since the TDS intensity is proportional to 1/q
at high temperatures and 1/q at low temperatures. Thus,
the room-temperature diffuse scattering of the x =0.2
sample can be almost entirely accounted for in terms of
the TDS and the Compton scattering intensities, shown
by a solid line in Fig. 7(a). In contrast, at 10 K, the pho-
non contribution accounts for only a portion of the mea-
sured intensity, and the rest, the nonphonon contribu-
tion, is actually dominant, as shown in Fig. 7(b). The
same is true for other compositions, although, as will be
shown later, the amount of the nonphonon intensity is
composition dependent. A small sharp peak near /=0 in
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Fig. 7(b) is a part of a weak rodlike diff'raction feature ob-
served nearly along the c* axis. Its intensity and width
varies with the sample, and most likely originates from
stacking faults. A similar rod was sometimes observed
along the a * axis as well.

Figure 8 shows the P plot, or the circular scans in the
(q„,q~ ) plane with q, being constant, with the magnitude
of q in plane also being constant, for three compositions
at 10 K (at i=18.15, 17.85, and 18.15). The Fourier
analysis by fitting an equation,

I(P)=g A„cos(ng),
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FIG. 8. Circular scans at T=10 K in the 1=18.15 (x =0.1),
1 = 17.85 (x =0. 15 ), 1 = 18.15 (x =0.2) planes with a constant

o

magnitude of q (equal to 0.11 A ). P equal to zero corresponds
to the (0.05,0,1) point.

significantly above the noise level. The n =0 term is the
largest and dominant at all temperatures as will be shown
below. Reference 35 suggested that the n =4 term was
dominant without quantitative analysis. Our results are
not consistent with their conclusion. Also, the n =4
term was noted in the single-crystal neutron-scattering
study of La2Cu04+&. In this case, however, the n =4
term apparently originates from the ordering of intersti-
tial oxygen atoms.

Figures 9 and 10 show the temperature dependence of
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FIG. 7. Diffuse scattering intensity along (g, g, l),
1=18.15,18.2, 18.3,18.4 at (a) T=300 K and (b) T=10 K for
the x =0.2 single crystal. Solid lines represent the calculated
intensity due to phonons (TDS) plus Compton scattering. The
intensity is in electron units per atom.

FIG. 9. The temperature dependence of the two- and four-
fold terms determined from circular scans for the x =0. 1 single
crystal. The twofold component is within the margin of error
from zero at 300 K, which is above the orthorhombic to tetrag-
onal phase transition temperature.
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FIG. 10. The temperature dependence of the two- and four-
fold terms determined from circular scans for the x =0.15 sin-
gle crystal. The twofold component is essentially zero above
175 K, which is the orthorhombic to tetragonal phase transition
temperature for this composition.

the twofold and fourfold components for the x =0. 1 and
0.15 samples. The twofold component vanishes between
275 and 300 K or x =0.1, and at 175 K for x =0.15.
For the x =0.2 sample, the n =2 component is very
weak, and disappears at about 50 K. These temperatures
correspond to the phase transition temperature from the
tetragonal (T) phase to orthorhombic (0) phase, indicat-
ing that the n =2 component is a consequence of that
transition, possibly due to twin boundaries. Ideally the
n =2 term should not exist at all, even in the orthorhom-
bic phase, because an isolated macroscopic sample should
have multiple domains, or twins, with respect to the or-
thorhombic distortion. Upon the T!0 phase transition
the orthorhombic axes would be randomly chosen be-
tween the two tetragonal axes, resulting in nearly equal
volume fractions for the two twins. Indeed the shape of
the Bragg peaks which split upon T/0 transition indi-
cates that the two twins are nearly equally populated. It
is, however, possible that the orientation of the twin
boundaries are strongly anisotropic because of the sample
shape or growth condition. To underscore the nonintrin-
sic nature of this term, the magnitude of the twofold term
was observed to be slightly different each time the sample
was thermally cycled through the phase transition. The
twofold pattern is clearly visible also in the contour map
for La, sSr02Ni04 (Fig. 2 of Ref. 35), superimposed on
the fourfold pattern.

The n =4 term is present above and below the T/0
phase-transition temperature. However, it is possible
that a part of this comes from the strain associated with
the transformation. Note that the peaks at 135 and at
315 in Fig. 8 are relatively sharp with the full width at
half maximum (FWHM) of about 50'. Thus they produce
not only the n =2 but also the n =4 Fourier components.

In addition, if there are sets of twin boundaries in orthog-
onal directions, each of which produces sharp peaks in
the P plot, it would result in a fourfold pattern. A small
step in the temperature dependence of the n =4 term be-
tween 175 and 225 K may be an indication that a part of
the n =4 term at low temperatures originates from the
T/0 phase transformation.

On the other hand, the n =0 component is present at
all temperatures and apparently does not arise from the
phase transformation. In particular, in the x =0.2 sam-
ple, the lattice distortion associated with the T/0 phase
transformation is very small, and in fact this transforma-
tion does not occur beyond x =0.21. Therefore, it is
inconceivable that the low-temperature diffuse scattering
from this sample is in any way related to the T/0 phase
transformation. Since the diffuse intensity within the
(q, q ) plane can be described as a superposition of zero-,
two- and fourfold terms, it is easy to separate them using
scans in different directions. Scans along q or q have
only the Ao term. By summing up two diagonal scans
such as along /=45' and 135, we can eliminate A2 term,
so that both Ao and A4 terms can be separately evalu-
ated. Figure 11(a) presents scans along diagonals and q,
while Fig. 11(b) shows the zeroth- and fourfold terms for
x =0.15 at 10 K. It is clearly seen that the zeroth (iso-
tropic) term is dominant in the diffuse scattering. Since
the twofold term is simply a consequence of the T/0
phase transformation, and is physically insignificant, we
eliminated the twofold component from the data by using
perpendicular scans along the two diagonal directions in
the (q„,q ) plane. Then the calculated contribution from
the TDS and Compton scattering was subtracted and the
resulting nonphonon intensity was integrated over q
(g, (, 18+0.15) from /=0. 02 to 0.1. Figure 12 presents
the temperature dependence of such an integrated inten-
sity for three compositions. Note that the x =0.2 sample
shows that the integrated intensity depends upon temper-
ature particularly strongly, and is small at room tempera-
ture, as indicated by the good agreement between the
measured and calculated intensities in Fig. 7(a).

IV. DISCUSSIQN

Various lattice defects can produce diffuse x-ray
scattering. The intensity of scattering due to pointlike
lattice defects such as impurities, the so-called Huang
scattering, is known to depend generally upon q as
1/q, with weak temperature dependence that follows the
Debye-Wailer factor. In order to determine the power
index of the q dependence, few cuts in the (g, g, 18—g)
plane in the log-log scale for x =0.15 are plotted in Figs.
13(a) and 13(b). Theta denotes the angle that the scan
makes with the c* axis. In Fig. 13(b), the calculated pho-
non contribution has been subtracted. The linear fit to
the data shows that the power index v for diffuse scatter-
ing, I~q, is greater than 2 for all scans even for the
total intensity. Since the total intensity includes both the
TDS and the nonphonon intensity, and the TDS scales as
q at high temperature and as q

' at low temperatures,
the power index for the nonphonon intensity has to be
considerably higher than 2. Indeed after subtracting the
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TDS intensity the power index is found to be much larger
than 2, reaching above 4 for lower values of 8. In addi-
tion, at low values of 0, the data deviate from the linear
dependence, indicating that the power index v may be
even greater along the c * axis, although the presence of a
diffraction rod probably due to stacking faults prevents
us from determining the intrinsic nonphonon contribu-
tion along the c* axis. A dependence stronger than 1/q
is not expected for the diffuse scattering originating from
the lattice defects. Also, as is shown in Fig. 14, the non-
phonon diffuse scattering intensity is not proportional to
the Sr concentration, as one would expect from the
strains due to the atomic size difference between La and
Sr.

The most conspicuous characteristic of the nonphonon
diffuse scattering identi6ed in this work is its temperature
dependence. The temperature variation is particularly
strong in the case of the x =0.2 sample, as shown in Fig.
12. The strong temperature dependence for the x =0.2
sample cannot be an artifact of the data reduction, such
as the uncertainty in the scale of the TDS intensity. For
instance, if we assume a temperature-independent non-
phonon intensity and rescale the TDS, the overall agree-
ment between the measured and calculated i.ntensities is
clearly far worse than the one shown in Fig. 7(a). Also, if
one attempts to explain the results in terms of the tem-
perature dependence of the phonon dispersion, not only
is the observed temperature dependence too small to ex-
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produced by the lattice fluctuations induced by a collec-
tive motion of polarons. Indeed, no significant elastic
diffuse scattering was observed in our preliminary neu-
tron inelastic scattering experiment, suggesting that the
nonphonon diffuse scattering is probably dynamic in na-
ture.

In this context, it is interesting to note that the temper-
ature dependence of the nonphonon diffuse scattering is

e 8=60 deg (v=2.5)

0 50 100 150 200 250 300

FIG. 12. The temperature dependence of the integrated in-
tensity for three compositions. The twofold term was eliminat-
ed and the TDS and the Compton scattering intensities were
subtracted. The intensity was integrated over q($, $, 18+0.151
from /= 0.02 to 0.1.

6—
CD

CO
O

plain the effect, but also one would require softening of
the lattice at lower temperatures, which is not observed.
Furthermore, according to our calculation, the TDS is
nearly isotropic in the (q, q ) plane. Therefore, the tem-
perature dependence of the n =4 term shown in Figs. 9
and 10 cannot be due to phonons. Thus, it leaves little
doubt that the residual nonphonon diffuse scattering in-
tensity varies with temperature.

Finally, the nonphonon intensity at 10 K at the peak in
Fig. 7(b) (0,0.035, 18.2) is comparable in magnitude with
the TDS intensity at 60 K at this q value. Therefore, the
lattice distortions producing the observed diffuse scatter-
ing roughly correspond to the phonons with an amplitude
of the order of 0.05 A. If they are due to static lattice de-
fects such as dislocations, the density of the defects neces-
sary to explain the observed diffuse scattering intensity
will be quite high, and will be inconsistent with the excel-
lent coherence of the lattice (coherence length over 1000
A) demonstrated by the sharpness of many of the Bragg
peaks. All these considerations lead us to conclude that
the origin of the nonphonon scattering cannot be extrin-
sic defects such as inclusions or dislocations.

It is possible that the observed strong diffuse scattering
is intrinsic except for the portion related to the T/0
phase transformation, and originates from the electron-
lattice interaction. In nickelates, electron difFraction
studies showed sharp superlattice peaks which were attri-
buted to polaron lattice formation, and the observed
diffuse scattering may be related to the polarons. In cu-
prates as well, the possibility of formation of polarons or
bipolarons has been suggested. ' ' ""' It is therefore
possible that the observed nonphonon diffuse scattering is
either due directly to the mobile polarons, or more likely
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FICx. 13. Diffuse scattering for scans in the ((,$, 18—g) plane
in log-log plots (to base e) for (a) raw data, (b) after subtraction
of TDS for the x =0.15 crystal at T = 10 K as a function of the
angle 0 that q makes with the c* axis. The value of v in the in-
set refers to the power index, or the slope of the line.
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FIG. 14. The dependence on the strontium concentration of
the zero- and fourfold terms, Ao and A4, at T = 10 K.

qualitatively similar to that of the Hall eff'ect. The tem-
perature dependence of the in-plane Hall coefficient, R~,
scales as f (T/T*), where T' is a characteristic tempera-
ture below which RH increases rapidly. The value of T'
is about 500 K for x =0.15 and 180 K for x =0.2. For
x =0.1, T' is estimated from the static susceptibility
measurements to be about 800 K. ' ' The strong tem-
perature dependence of the nonphonon scattering for
x =0.2 and the weaker dependence for x =0. 1 and 0.15
shown in Fig. 12 are reminiscent of those of RH. In the
polaron scenario, T is the temperature around which
the polarons are formed. Thus, the density of free car-
riers decreases below T*, resulting in the increase in

RII .
Another interesting point to note is the similarity in

the composition dependence between the zeroth com-
ponent in the diffuse scattering at 10 K shown in Fig. 14
and that of the isotope effect. Both of these are
minimum at x =0.15 where Tz is maximum. Thus they
suggest that the direct electron-lattice coupling is smaller
when Tc is higher. This is reasonable because self-
trapped polarons with a heavy mass would be decremen-
tal to superconductivity.

This result may appear to argue against the importance
of the lattice effects including polaron formation in high-
temperature superconductivity. However, this can also
be interpreted as an evidence that as Tc is increased, the
nature of the polaron shifts from lattice polaron to elec-
tron polaron, thus reducing the polaron mass. ' In
purely ionic solids, a charge carrier in a polaron is
screened by local ionic displacements. However, in co-
valent solids such as oxides the lattice deformation can
cause charge transfer from one ion to another, thus lead-

ing to substantial electronic polarization which screens
the charge. If this electronic component of shielding is
large, proportionally less lattice deformation is required
to form a polaron.

Furthermore, a recent NMR study of La& 85Srp, 5Cu04

(Ref. 45) shows that the nuclear relaxation rate for the
planar oxygen exhibits a non-Korringa behavior charac-
teristic of the spin-gap effect. However, unlike the apical
oxygen, which tracks the spin-gap-like temperature
dependence of the Cu spin susceptibility detected by neu-
tron scattering at lower temperatures, the spin-gap tem-
perature for the planar oxygen is above 250 K. If the
spin gap were to be interpreted in terms of bipolarons" '

the polarons must be formed above 250 K for the
x =0.15 sample. While the present results do not allow
distinction between polarons and bipolarons, they are at
least compatible with this explanation.

Yet another point worth mentioning is the composition
dependence of the fourfold term. As we mentioned ear-
lier a part of this term may be related to the T/0 phase
transformation. Nevertheless„ it is clear that the intrinsic
part not related to the T/0 transformation of the n =4
term is smaller for the x =0.2 sample than for others. A
recent photoemission study on BISCO (Ref. 47) showed
that the anisotropy of the superconducting gap in the
plane has both zero- and fourfold terms. At the optimum
doping the fourfold term is dominant, while in the over-
doped sample the fourfold term becomes smaller and the
isotropic term becomes large. If the composition depen-
dence in BISCO could be transferred here, the composi-
tion dependencies of the Ap and A4 terms in Fig. 8 are
qualitatively very much in parallel to those of the super-
conducting gap. Since the diffuse scattering reported
here shows no appreciable change at T&, it is not possible
to link the symmetry of the diffuse scattering directly to
the symmetry of the gap, in particular when the gap
behavior in La-Sr-Cu-0 is not yet known. However, it is
possible that the symmetry of the preformed bipolarons is
reAected in the gap symmetry.

Finally we wish to make a few comments on the four-
fold pattern presented in Fig. 2 of Ref. 35. While this
pattern reminds one of the intensity pattern for magnetic
scattering, as the authors of Ref. 35 already have noted,
they are fundamentally different. The absence of intensi-
ty near the center of this pattern is merely the conse-
quence of the fact that the nonphonon diffuse scattering
is caused almost entirely by transverse, or shear, displace-
ments. Thus, the intensity is weak when the Q vector is
parallel to the q vector, in the similar mechanism that
caused a dip in the TDS intensity shown in Fig. 3. This
was confirmed by studying the diffuse scattering intensity
around diFerent Bragg peaks such as (1,1,I). Details of
the results of such measurements will be described else-
where.

V. CONCLUSIONS

X-ray diffuse scattering from single-crystals of
La2 Sr CuO~ (x =0.1,0. 15,0.2) was studied as a func-
tion of temperature. The intensity of thermal diffuse
scattering due to phonons was calculated by the shell
model and was subtracted from the measured intensity.
While the diffuse scattering at room temperature was
reasonably well accounted for by TDS, at low tempera-
tures residual nonphonon diffuse scattering was clearly
seen. This result con6rms that atoms are locally deviated
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from the average structure in La-Sr-Cu-0 beyond the lev-
el expected for lattice dynamics. The dependence of the
local distortions on temperature and composition sug-
gests that they are not due to extrinsic defects such as
dislocations or substitutional defects, but are most likely
induced by charge carriers as a consequence of strong
electron-lattice coupling. Comparison with other proper-
ties such as Hall effect and NMR spin-lattice relaxation
time leads us to speculate that the observed local lattice
distortion may result from polaron formation. While this
result alone does not delineate the details of the way the
local electron-lattice interaction could infIuence high-
temperature superconductivity, taken together with other
evidences it points to an excellent possibility that the lat-
tice efFect plays an important role in the superconductivi-
ty of cuprates.
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