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Two- and three-dimensional incommensurate modulation in optimally-doped Bi,Sr,CaCu,0g, 5
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X-ray scattering measurements on optimally doped single crystal samples of the high-temperature supercon-
ductor Bi,Sr,CaCu,0Og, s reveal the presence of three distinct incommensurate charge modulations, each in-
volving a roughly fivefold increase in the unit cell dimension along the b direction. The strongest scattering
comes from the well known (H, K+0.21, L) modulation and its harmonics. However, we also observe broad
diffraction which peak up at the L values complementary to those which characterize the known modulated
structure. These diffraction features correspond to correlation lengths of roughly a unit cell dimension, &,
~20 A in the ¢ direction, and of & ~ 185 A parallel to the incommensurate wave vector. We interpret these
features as arising from three-dimensional incommensurate domains and the interfaces between them, respec-
tively. In addition we investigate the recently discovered incommensurate modulations which peak up at
(1/2, K+0.21, L) and related wave vectors. Here we explicitly study the L dependence of this scattering and
see that these charge modulations are two dimensional in nature with weak correlations on the scale of a
bilayer thickness, and that they correspond to short-range, isotropic correlation lengths within the basal plane.

We relate these new
Bi,Sr,CaCu,0g, s using STM topography.
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I. INTRODUCTION

High-temperature superconductivity is observed and has
been extensively studied across several families of layered
copper oxides.! While the structure of families of these ma-
terials differs in detail, they are all comprised of stackings of
CuO, rectangular layers, with so-called charge reservior lay-
ers in between. The CuO, layers can occur in isolation, or
appear in bilayer or trilayer assemblies. One of the most
extensively studied of these materials is Bi,Sr,CaCu,Og, s
which is known to display an optimal superconducting 7 of
~93 K.! As shown in Fig. 1, it is a bilayer superconductor
with orthorhombic symmetry and lattice parameters of a
~b~5.4 A, and ¢=30.8 A2 As such two CuO, bilayers ap-
pear within the unit cell separated by ~15.4 A along c.

Bi,Sr,CaCu,0g, s has been the high-temperature super-
conducting sample of choice for studies using surface-
sensitive techniques such as photoemission® and scanning
tunneling microscopy (STM).* This is due to the relative
ease of producing clean, cleaved surfaces of
Bi,Sr,CaCu,0g, s at low temperature, a consequence of its
extreme quasi-two-dimensionality, even compared with other
families of layered high-temperature superconductors, such
as YBa,Cu;0;_s and La,_,Sr,Cu0O,. These techniques and
the information they provide on electronic structure have
been very important to the general field of high-temperature
superconductivity, and Bi,Sr,CaCu,Og, s has been crucial to
these studies. Unfortunately, the two-dimensional nature of
the material has also resulted in relatively thin single crystals
being grown (with thicknesses in the ¢ direction of as much
as, but typically smaller than, a few millimeters). This has
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precluded, or made very difficult, the study of the
Bi,Sr,CaCu,0g, s family by experimental techniques which
require a large volume of material, such as single crystal
neutron scattering.5

The structural detail for which Bi,Sr,CaCu,0g, 5 is per-
haps best appreciated is the incommensurate modulation it
possesses within its basal plane. This incommensurate modu-
lation has been observed by different techniques including,
x-ray,6 neutron,” and electron diffraction;® scanning tunnel-
ing microscopy;® and electron microscopy.!? This complex
crystal structure has been described in terms of two interpen-
etrating periodic crystals, each of which modulate the
other,'! with supporting experimental evidence from neutron
scattering.'?

The modulation is one dimensional, running along the b
direction in the basal plane, and it is the modulation (as
opposed to a difference between a and b lattice parameters)
that is responsible for the lower-than-tetragonal symmetry of
the structure. The incommensurate modulation is character-
ized by multiple harmonics, and the first order harmonic cor-
responds to a periodicity of roughly five unit cells along b.
Interestingly, it appears that Bi,Sr,CaCu,0Og, 5 crystals typi-
cally grow untwinned, likely a consequence of strains which
would develop between orthogonal modulations. This is in
contrast to other families of high-temperature superconduct-
ors which can be produced in an untwinned state, but only
with considerable effort in preparation.

II. MATERIALS AND EXPERIMENTAL METHODS

The Bi,Sr,CaCu,0g, 5 single crystal samples were grown
by the traveling solvent floating zone techniques using a
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FIG. 1. (Color online) A schematic diagram depicting one and a
half unit cells of Bi,Sr,CaCu,0g, s is shown. The light (orange)
pyramids represent CuO, plus apical oxygen complexes, while the
dark (blue) octahedra represent BiO, plus apical oxygen atom com-
plexes. The Cu ions reside at the center of the base of the light
pyramids, while the Bi ions reside at the center of the octahedra.
The CuO, and BiO, bilayer thicknesses are indicated as 3.3 and
3.2 A, respectively, while the bilayer-bilayer separation of c¢/2
~15.4 is also shown.

Crystal Systems, Inc., image furnace. The growth was per-
formed from premelted polycrystalline rods in 2 atmospheres
of flowing O,. The rods were counter-rotated at 30 rpm and
the growth speed was 0.2 mm/h. The resulting single crys-
tals were carefully extracted from a large boule, and had
approximate dimensions of 10 mm X5 mm X 0.1 mm, where
the thin dimension was parallel to the ¢ axis. Although thin,
the single crystals were of excellent quality with mosaic
spreads less than 0.07°, and a superconducting transition
temperature, determined by superconducting quantum inter-
ference device (SQUID) magnetomery, of T-~92 K with a
width of ~2 K.

Two sets of x-ray scattering measurements were per-
formed on these samples. Measurements were made using
a Cu-rotating anode source and a triple axis spectrometer
at McMaster University. These measurements employed
Cu-Ka radiation and utilized a pyrolitic graphite monochro-
mator. The sample was mounted in a closed cycle refrigera-
tor and placed in a four-circle goniometer. Four sets of slits
were employed to define the incident and scattered beams.

A high-resolution diffraction setup at the Advanced Pho-
ton Source synchrotron radiation facility was used to study a
subset of the modulations with greater precision. These mea-
surements were performed on the 4-ID-D beamline at an
x-ray energy of 16 keV. This beamline is equipped with a
double-crystal Si(111) monochromator. A Pd-coated bent
mirror was used to focus the beam to a spot size of 180
X220 pum at the sample. A flat Pd mirror was used to further
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FIG. 2. Synchrotron x-ray scattering scans on a logarithmic in-
tensity scale along [0,K,0] (top panel) and [0,K, 1] (lower panel)
in Bi,Sr,CaCu,04, s A total of four harmonics of the modulated
structure with the form (0, 4—n X 7, L) are observed at both L=0
and L=1, and they clearly alternate between resolution-limited and
broad along both K and L (see Fig. 3). The broad component to the

scattering is well described by a Lorentzian-squared line shape (see
Fig. 4).

suppress higher order harmonics. The thin single crystal
sample was placed in a closed cycle refrigerator. A Ge(111)
analyzer was used to reduce background and to improve
resolution.

III. EXPERIMENTAL RESULTS
A. Three-dimensional modulated structure

Synchrotron x-ray scattering scans of the form (0,K,0)
and (0,K,1) are shown in Fig. 2. These data are plotted on a
logarithmic intensity scale, and were taken at 7=10 K, al-
though no significant temperature dependence was observed
to this scattering to temperatures as high as 300 K. A clear
pattern of diffraction peaks is observable at incommensurate
wave vectors of the form (0, 4-nX 7, L) for 7=0.21, cor-
responding to a roughly five unit cell modulation, and at all
harmonics (n=1,2,3,4) which we studied. Two distinct line
shapes are clearly present. One is very sharp, resolution lim-
ited, and these peaks alternate in harmonic for a particular L.
This is to say that the even harmonic, n=2 (K=3.58), is
clearly sharp in K for L=0, while it is the odd harmonics,
n=1 (K=3.79) and n=3 (3.37), which are sharp for L=1.

Figure 3 shows x-ray scattering data, plotted on a loga-
rithmic intensity axis, taken with the rotating anode source.
These data examine the systematic L dependence of the scat-
tering shown in Fig. 2. Once again these data are taken at
10 K and scans of the form (0, 4, L), (0, 3.79, L), and
(0, 3.58, L) are shown in the top, middle and bottom panels
of Fig. 3, respectively. Consistent with the data shown in Fig.
2, two sets of incommensurate diffraction peaks are seen, in
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FIG. 3. Rotating anode x-ray scattering measurements on a
logarithmic intensity scale show the L dependence of the principal
Bragg peaks, such as [0,4,L] (top panel); the first order harmonic
of the modulated structure [0, 3.79, L] (middle panel); and the
second order harmonic of the primary modulated structure
[0, 3.58, L] (bottom panel). The harmonics alternate with L be-
tween resolution-limited Bragg scattering and broad scattering
which is well described by a Lorentzian-squared line shape (see
Fig. 4).

the bottom two panels, which alternate with L, between a
sharp, resolution-limited line shape, and a broad diffraction
feature.

Clearly, at alternate harmonics one observes a much
broader line shape. This is considered quantitatively in Fig.
4, where broad diffraction features at (0, 3.58, 1) and (O,
3.58, 5) are plotted as a function of K and L on a linear
intensity scale. These data were fit to a Lorentzian-squared
form along both b* and ¢*:

A
212
[H(Q—?o) ]

K

5(Q) = (1)

yielding correlation lengths of §b=t~ 185 A and £.=20 A.

Together these data illustrate two coexisting incommensu-
rate structures one of which displays resolution-limited long-
range order in three dimensions, while the other displays
three-dimensional, albeit highly anisotropic, short-range or-
der. We interpret the anisotropic, short-range order diffrac-
tion peaks as arising from stacking faults in the incommen-
surate modulation.
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FIG. 4. X-ray scattering scans along K (top) and L (bottom)
taken from Figs. 2 and 3 and plotted on a linear intensity scale.
Both plots show the second order harmonics of the primary modu-
lation [0, 3.58, 1] and [0, 3.58, 5]. These positions correspond to
wave vectors with broad (as opposed to resolution-limited) line
shapes. Also shown is the fit to each line shape using a Lorentzian-
squared form, Eq. (1), which is clearly excellent. As described in
the text, this line shape is typically used to describe the three-
dimensional random field domain state in disordered magnets.

For simplicity, we discuss this three-dimensional scatter-
ing as if a single harmonic characterized the incommensurate
structure. Domains of well ordered modulated regions give
rise to the resolution-limited peaks at say (0, 3.79, L) with
L=o0dd. The L=0dd requirement implies a phase shift of r,
3 X, 5 X, between either CuO, bilayers (or equivalently
BiO, bilayers) which are separated from each other by half a
unit cell along ¢ (see Fig. 1). That is, the modulated structure
within a particular bilayer is 7r out of phase with that imme-
diately above and below it.

In contrast, the L dependence of the broad diffraction
peaks, such as (0, 3.79, L) with L=even, implies that this
incommensurate modulation is in phase with that in the bi-
layer immediately above and below it. Also, as the correla-
tion length along c¢ is roughly a unit cell dimension, we have
a very natural interpretation that these diffraction features
arise from the interface between two bulk domains, but
which are out of phase with respect to each other. While the
domain interfaces, attributed to the broad diffraction peaks,
are anisotropic with & ~20 A and &,~185 A, we classify
all of the (0, 4+nX 7, L) superlattice diffraction peaks as
being three dimensional in nature, as all of the superlattice
peaks are localized around a particular point in reciprocal
space, as opposed to being organized into rods or sheets of
scattering, as is known to be relevant to two- and one-
dimensional structures, respectively.

B. Two-dimensional modulated structure

X-ray scattering measurements using the rotating anode
source were also extended to look for additional charge
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FIG. 5. X-ray scattering scans of the form [H, 3.58, 5] which
show the new modulated structure corresponding to a doubling of
the unit cell along a is shown. The dashed line in the upper panel
shows where the scans reside in reciprocal space, passing through
the second order harmonic of the primary modulation. The middle
and lower panels show these scans on logarithmic (middle) and
linear (bottom) intensity scales, with Lorentzian line shapes [Eq.
(2)] fit to the data. The bottom panel also demonstrates the lack of
temperature dependence to this scattering below room temperature.

modulation. Additional modulation, distinct from that at
(0, 4—nX 7, L) and discussed above, involving a doubling
of the periodicity along a have recently been reported in
Bi,Sr,CaCu,0g, s by Megtert and co-workers,'* and also by
ourselves.!* Scans performed along H, going through the
second order harmonic of the three-dimensional modulation,
(0, 4-2X0.21, 5), are shown in the bottom two panels of
Fig. 5. The (0, 3.58, 5) second order harmonic of the three-
dimensional modulation is easily observable at the
~10 counts/s level. However, we also observe peaks at
(¥1/2, 3.58,5) at the 04 counts/s level on a
~0.2 counts/s background. While weak, this H=1/2 modu-
lation is clearly resolved in the middle panel of Fig. 5. The
bottom panel of Fig. 5 shows three data sets at T=10, 100,
and 250 K, at the (—1/2, 3.58, 5) wave vector and demon-
strates that, similar to the H=0 modulations discussed above,
the new H=1/2 modulations have little or no temperature
dependence to temperatures as high as room temperature.
The peaks shown in Fig. 5 were fit to a resolution-convoluted
Lorentzian form

A
{1 (Q—Qo)z}
+ 2

K

SQ) = 2)

and the (x1/2, 3.58, 5) peaks were found to be character-
ized by a correlation length of £,~27 A along a.
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FIG. 6. X-ray scattering scans of the form [1/2, K, 5] which
display the new modulated structure corresponding to a doubling of
the unit cell along a is shown. The upper panel shows where the
scans reside in reciprocal space, passing through the first four har-
monics of this new modulated structure. The data in the bottom
panel is fit to Lorentzian line shapes [Eq. (2)] centered at each of
the four harmonic positions along K. Also shown for comparison in
the same panel are K scans of the first and second harmonics of the
primary modulated structure, whose linewidth defines the instru-
mental resolution.

Figure 6 shows x-ray scattering scans of the form
(1/2, K, 5) passing between K=3 and 4, and showing
(172, 4—nX 7, 5) for 7=0.21 and n=1,2,3, and 4. The top
panel of Fig. 6 locates these scans in reciprocal space as the
dashed lines. Also shown in the bottom panel of Fig. 6, are
scans of the form (0, K, 0) and (0, K, 1) taken under pre-
cisely the same experimental conditions as the (1/2, K, 5)
scan. This data shows K scans through (0, 3.58, 0) and (0,
3.79, 1) which are both resolution-limited Bragg peaks (see
Fig. 2). We therefore conclude that the peaks shown in the
(1/2, K, 5) scans of Fig. 6 are not resolution limited. We
can provide an excellent fit to this data, shown as the solid
line in Fig. 6, with a resolution-convoluted Lorentzian line
shape, Eq. (2). We then extract a relatively short correlation
length along b for this H=1/2 modulation of & ~27 A, very
similar to the correlation length &,, extracted from the
(H, 3.58, 5) scans of Fig. 5.

Figure 7 shows L scans of the form (1/2, 4—n X 7, L) for
n=2 in the top panel, that is (1/2, 3.58, L), and for n
=1,2,3, and 4 in the bottom panel. Also shown in the top
panel is a background scan taken at (0.3, 3.45, L). Remark-
ably these scans, from L=-10 to 10, show almost no L de-
pendence at all; that is rods of scattering characteristic of
two-dimensional structures. The scattering is weakly peaked
at L~ =5, but extends over all L values measured. These
scans were also carried out as a function of temperature, and
again, as seen in the top panel of Fig. 7, one sees little or no
temperature dependence to temperatures as high as room
temperature. These results on the new (1/2, 4—nX 7, L)
modulations extend those reported earlier!>!'* by explicitly
determining L dependencies. We also see that our results
give approximately isotropic correlation lengths within the
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FIG. 7. X-ray scattering scans of the form [1/2, K, L] which
observe the new modulated structure corresponding to a doubling of
the unit cell along a are shown. The top panel shows L scans of the
second order (K=3.58) harmonic of this scattering, at different tem-
peratures below 250 K, as well as a background scan of the form
[0.3, 3.45, L]. The lower panel shows the L dependence of each of
the first four harmonics of this structure at 10 K. Remarkably over
the 10 Brillouin zones from L=10 to L=-10, a near complete rod of
scattering is observed for the first order harmonic (K=3.79), while
higher order harmonics peak up weakly at L=+5.

a-b plane a factor of two smaller than those reported by
Megtert and collaborators.'> However, the Megtert et al.
work does not discuss the form to which the scattering was
fit to extract their correlation length, and hence a quantitative
comparison is not possible at present.

The extreme extended nature of this scattering in L helps
us understand why the scattering is so weak at any one po-
sition, and therefore why it is difficult to observe, and has
escaped observation until recently. As the scattering is broad
in both H and K (with correlation lengths &,~27 A and
rodlike in L, the integrated intensity of these H=1/2 incom-
mensurate modulations is in fact quite appreciable. However
the scattering is sufficiently diffuse so as to make its peak
intensity very weak, down by a factor of 10° compared with
principal Bragg peaks of the three-dimensional structure,
such as (0, 4, 0). The characteristics of the three sets of
scattering from incommensurate modulations are summa-
rized in Table L.

IV. DISCUSSION AND RELATION TO STM IMAGING

Our results show three distinct sets of incommensurate
modulation in optimally doped Bi,Sr,CaCu,Oyg, 5, which co-
exist at all temperatures below room temperature. Two of
these are three dimensional in nature, with scattering cen-
tered on definite Bragg points in reciprocal space. This scat-
tering is peaked up at (H, 4—nX 7, L) and alternates as a
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TABLE I. The characteristics of the scattering at the incommen-
surate wave vectors with three distinct line shapes is summarized.
As discussed in the text, (0, 3.79, 0), (0, 3.37, 0), and (0, 3.58, 1)
are typical of (0, 4— 8, even) wave vectors; while (0, 3.58, 0), (0,
3.79, 1), and (0, 3.37, 1) are typical of (0, 4— 6, odd) wave vectors
(see Figs. 2 and 3).

(0,4-6,even) (0,4-6,0dd) (1/2,4-6, L)
In-plane £~ 185 A Res. lim. &~ &~27A
correlations (Lorentzian)? Lorentzian
Out of plane £.~20A Res. lim. Rodlike
correlations (Lorentzian)?

function of harmonic at a particular L, and as a function of L
at a particular harmonic, between resolution-limited peaks
and those characterized by finite and anisotropic correlation
lengths in all three directions.

The broad, (H, 4—nX 7, L), incommensurate peaks are
extremely well described by a Lorentzian-squared line shape
(Fig. 4). This is an interesting result in itself, as a sum of
Lorentzian plus Lorentzian-squared terms is typically used to
model diffuse magnetic scattering in random field Ising
model (RFIM) magnets, which display random local symme-
try breaking.!” Three-dimensional RFIM systems, such as
Co,Zn,_F, (Ref. 16) and Fe,Zn,_,F, (Ref. 17) in the pres-
ence of an applied magnetic field, show magnetic diffraction
features with negligible Lorentzian weight, and thus their
diffuse scattering is also very well described by a
Lorentzian-squared form. Such a scattering form implies a
pair-correlation function in three dimensions which falls off
with distance as exp(—«r), and is characteristic of a domain
wall state.'> Our results for x,, imply these domains are
hundreds of angstroms across, with domain walls which are
a single unit cell in extent in the ¢ direction. This small
spatial extent, £,~20 A in the ¢ direction is consistent with
local stacking defects. As Bi,Sr,CaCu,Og, s is more gener-
ally the m=2 member of the Bi,Sr,Ca,,_;Cu,,04,5,,, s family,
the nature of the stacking fault is likely a missing Ca layer.
As such the domain wall itself is expected to locally be the
m=1 member of the family: Bi,Sr,CuOg,s. This is a rela-
tively low T, superconductor (T~ 10 K) with a smaller ¢
axis, c=24.6 A (Ref. 18) than Bi,Sr,CaCu,0Os, 5 Such a sce-
nario has recently been proposed from high resolution elec-
tron microscopy measurements performed on the same crys-
tals as those studied here.'”

The most remarkable result we report is the confirmation
and characterization of the incommensurate modulation cor-
responding to a doubling of the periodicity along H and giv-
ing rise to rods of scattering of the form (1/2, 4—nX 7, L)
at all L. The scattering tends to be weakly peaked near L
==+5. This indicates out-of-phase, or , correlations within a
bilayer. As shown schematically in Fig. 1, the CuO, and
BiO, bilayer thicknesses are almost identical, at ~3.3 A.
Such correlations give rise to weak peaks at wave vectors of
ar/(bilayer thickness) ~/3.3 A=0.95 A~'~L=5X2/c.
As can be seen in Fig. 7, this tendency for the two-
dimensional rods of scattering to peak up near L~ +5 seems
to be strongest for the second and third order harmonics
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FIG. 8. (Color online) The correlation areas of the new modu-
lated structure corresponding to a doubling of the unit cell along a
extracted from our x-ray scattering analysis are superposed on STM
topographs (Ref. 9) of the surface of Bi,Sr,CaCu,0Oyg, 5. Our mea-
surements indicate isotropic short range correlations with a correla-
tion length of ~27 A, and these correspond very well to the extent
of the “S” microstructure which appears to be imprinted on the
primary modulated structure of Bi,Sr,CaCu,0Og, s as observed in
real space with the STM measurements.

of this incommensurate structure (1/2, 3.58, L) and
(1/2, 3.375, L), and is not seen at all for the first order
harmonic (1/2, 3.79, L) which appears to be truly rodlike in
nature.

Several interesting questions arise from the observation of
this two-dimensional incommensurate structure. First, from
what does it arise? For example, is it a surface effect, or can
it arise from an intrinsically two-dimensional charge inho-
mogeneity which exists throughout the full volume of the
crystal?

The scattering geometry employed in all of the measure-
ments presented in this paper is transmission geometry, and
hence it is very unlikely that the rodlike incommensurate
scattering we observe in Figs. 5-7 is due to surface structure
of any kind, even though it is two dimensional in nature. We
are then left with the intriguing conclusion that the scattering
originates from the bulk of the crystal, but is nonetheless two
dimensional in nature.

A second question which arises is, given that the
Bi,Sr,CaCu,0g, s family of superconductors have been stud-
ied for more than 15 years, has this type of structure been
observed in previous experiments? We believe the answer to
this question is yes, and consider earlier STM measurements
of the surface structure of Bi,Sr,CaCu,0Og,5 Room-
temperature measurements by Sugita e al.?’ identified a su-
perstructure with periodicity of two unit cells along the a
direction. In addition, we reconsider higher resolution, low
temperature STM images of the surface structure of
Bi,Sr,CaCu,0g, s discussed several years ago by Pan and
co-workers.” Figure 8 shows an STM image of the [001]
cleaved surface of near-optimally doped Bi,Sr,CaCu,Og, s
from Pan et al.® The well known (0, 0.21, L) modulation is
seen as the periodic lighter stripes which run along the ver-
tical direction in the STM image and which have an approxi-
mate periodicity of five unit cells dimensions along b. How-
ever, superposed on the light stripes is an “S-like” dark
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modulation, which has a periodicity of two unit cells along
the stripe; that is along the a direction. This additional modu-
lation in the structure appears superposed on every light
stripe within the field of view. As such one expects its mani-
festation in reciprocal space to appear at wavevectors of the
form (1/2, 0.21, L), exactly where we observe the two-
dimensional rods of scattering.

Further, careful examination of the STM image shows
that the S modulation along a is not a perfect pattern, but is
characterized by phase slips both along a and between S
modulations imposed on adjacent light stripes. Consequently,
such substructure would not give rise to resolution-limited
Bragg peaks, but rather to diffuse peaks characterized by
relatively short correlation lengths. Again, this is fully con-
sistent with the two-dimensional rods of scattering which we
have observed at (1/2, 4—n X 7, L), wherein the correlation
length measured in the ab plane was found to be approxi-
mately isotropic, £,,~27 A. We have superposed correlation
areas within the ab plane using the correlation lengths ex-
tracted from our x-ray scattering measurements, onto the
STM images’ of the structure of the cleaved [001] plane of
optimally doped Bi,Sr,CaCu,0g, s, and the agreement be-
tween the two is remarkably good. The S modulation within
the STM image was not commented on by Pan et al.” How-
ever, as STM is a very surface sensitive probe, it provides
little information as to the behavior of this substructure into
the bulk of the material. It would therefore be possible to
associate such structure in an STM experiment with a surface
effect. However, we reiterate that our x-ray scattering mea-
surements, performed in transmission geometry, are very in-
sensitive to the surface. We conclude that the two-
dimensional modulated structure we observe in Xx-ray
scattering is the same as the electronic inhomogeneity ob-
served with STM, and that it originates from charge inhomo-
geneity within the bulk of the Bi,Sr,CaCu,Og, s supercon-
ductor.

Finally, one can ask how general is the phenomenon of
charge inhomogeneity in different families of high-
temperature superconductors? Of course, electronic phase
separation is implied within a variety of models for high-
temperature superconductivity, most prominently those in-
volving “stripes.”?! However, is there related diffuse scatter-
ing evidence in other high-temperature superconductors?

The answer again appears to be yes, with the recent re-
ports of a four unit cell superstructure with correlation
lengths of ~20 A within the ab plane and very short-range
correlations along ¢ in optimally doped YBa,Cu;0_52* and
related superstructure in underdoped YBa,Cu;0,_s% In
these cases, the short range ordered superstructure is periodic
along the shorter Cu-Cu bond, whereas the two unit cell
superstructure we report here for Bi,Sr,CaCu,Og, s is peri-
odic along a diagonal of the CuO, basal plane cell, and thus
at 45° to either Cu-Cu bond. This difference, however, may
simply be a consequence of the electronic inhomogeneity
following the appropriate template for Bi,Sr,CaCu,Og, 5 or
YBa,Cu30,_s. That template would be set by the three-
dimensional modulation in Bi,Sr,CaCu,0g,5 and by the
short-range oxygen-vacancy ordered superstructures in the
case of YBa,Cu;0,_52® which are present throughout the
superconducting region of its phase diagram.?* We also note
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TWO- AND THREE-DIMENSIONAL INCOMMENSURATE...

that recent STM measurements on Bi,Sr,CaCu,0g, 5 (Ref.
25) and Ca,_,Na,CuO,Cl, (Ref. 26) have also observed a
checkerboard pattern to the local density of electronic states
with a 4 to 5 lattice constant periodicity within the basal
plane. These results have been interpreted as being related to
static, crossed stripes.?’ It may therefore be the case that such
quasi-two-dimensional, short-range charge inhomogeneity is
a general property of cuprate high-temperature superconduct-
ors and related materials.

V. CONCLUSIONS

We report the observations of three sets of incommensu-
rate modulation to the structure of the high-temperature su-
perconductor Bi,Sr,CaCu,0g, s Two of these are the well
known modulation characterized by wave vectors (0, 4—n
X 7, L). These Bragg features alternate in both harmonic n
for the same L, and in L for the same harmonic, between
resolution-limited Bragg peaks and diffuse scattering line
shapes which are very well described by a Lorentzian-
squared profile. We also confirm and extend the characteriza-
tion of the recently discovered (1/2, 4—nX 7, L) modula-
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tions. These charge correlations are quasi-two-dimensional.
The rodlike character of this scattering along ¢” is weakly
peaked at L=35, and this scattering is characterized by finite
and relatively short correlation lengths of ~27 A within the
ab plane. We contend that the charge inhomogeneity under-
lying this diffuse scattering is that previously observed in
STM measurements.’ These new x-ray scattering measure-
ments, in transmission geometry, establish that this charge
inhomogeneity is a bulk property of the system, and is not
due to any reconstruction or related surface effect. We have
also thoroughly investigated any possible temperature depen-
dence to all three of these structural modulations below room
temperature and find no such effect.

ACKNOWLEDGMENTS

We wish to acknowledge useful discussions with J. M.
Tranquada and S. K. Sinha. This work was supported by
NSERC of Canada. Use of the Advanced Photon Source is
supported by the U.S. Department of Energy, Office of Basic
Energy Sciences, under Contract No. W-31-109-ENG-38.
This work was supported in part by the BES (DOE) Grant
No. DE-FG02-03ER46084 (S.K.S.).

I'See, for example, M. R. Norman and C. Pepin, Rep. Prog. Phys.
66, 1547 (2003); J. Orenstein and A. J. Millis, Science 288, 468
(2000).

2J. E. Fischer, P. A. Heiney, P. K. Davies, and D. Vaknin, Phys.
Rev. B 39, 2752 (1989); A. Yamamoto, M. Onoda, E.
Takayama-Muromachi, F. Izumi, T. Ishigaki, and H. Asano, ibid.
42, 4228 (1990).

3 A. Damascelli, Z. Hussain, and Z. X. Shen, Rev. Mod. Phys. 75,
473 (2003).

4]. C. Davis, Mater. Today 5, 4 (2002); 5, 24 (2002).

3 Although some efforts have been successful; see: H. F. Fong, P.
Bourges, Y. Sidis, L. P. Regnault, A. Ivanov, G. D. Gu, N. Ko-
shizuka, and B. Keimer, Nature (London) 398, 588 (1999).

OV. Petricek, Y. Gao, P. Lee, and P. Coppens, Phys. Rev. B 42, 387
(1990); A. A. Levin, Y. F. Shepelev, Y. I. Smolin, and A. A.
Bush, Physica C 291, 155 (1997); A. Bianconi, M. Lusignoli, N.
L. Saini, P. Bordet, A. Kvick, and P. G. Radaelli, Phys. Rev. B
54, 4310 (1996); X. Zhao, W. Wu, X. Sun, and X. G. Li,
Physica C 320, 225 (1999).

7P. Bordet, J. J. Capponi, C. Chaillout, J. Chenavas, A. W. Hewat,
E. A. Hewat, J. L. Hodeau, M. Marezio, J. L. Tholence, and D.
Tranqui, Physica C 156, 189 (1988); P. A. Miles, S. J. Kennedy,
G. J. McIntyre, G. D. Gu, G. J. Russell, and N. Koshizuka, ibid.
294, 275 (1998).

8J. C. Toledano, Phase Transitions 30, 127 (1990); W. Sun, T.
Kimoto, and T. Mochiku, J. Supercond. 10, 6 (1997); 10, 649
(1997).

°S. H. Pan, J. P. O’Neal, R. L. Badzey, C. Chamon, H. Ding, J. R.
Engelbrecht, Z. Wang, H. Eisaki, S. Uchida, A. K. Gupta, K. W.
Ng, E. W. Hudson, K. M. Lang, and J. C. Davis, Nature (Lon-
don) 413, 282 (2001).

0E. A. Hewat, M. Dupuy, P. Bordet, J. J. Capponi, C. Chaillout, J.

L. Hodeau, and M. Marezio, Nature (London) 333, 53 (1988);
H. W. Zandbergen, W. A. Groen, F. C. Lijhoff, G. van Tendeloo,
and S. Amelinckx, Physica C 156, 325 (1988); Y. Matsui, H.
Maeda, Y. Tanaka, and S. Horiuchi, Jpn. J. Appl. Phys., Part 2
27, L372 (1988).

'M. B. Walker and W. Que, Phys. Rev. B 45, 8085 (1992).

12]. Etrillard, P. Bourges, and C. T. Lin, Phys. Rev. B 62, 150
(2000).

13S. Megtert, J. Avila, M. Izquierdo, P. A. Albouy, G. Gu, M. C.
Asensio, and R. Comes, J. Phys. IV 118, 333 (2004).

143 P. Castellan, B. D. Gaulin, Y. Zhao, and H. A. Dabkowska,
Bull. Am. Phys. Soc. 49, 371 (2004).

I5R. A. Cowley, in Methods of Experimental Physics, edited by K.
Skold and D. L. Price (Academic Press, New York, 1987), Vol.
23, Part C.

oM. Hagen, R. A. Cowley, S. K. Satija, H. Yoshizawa, G. Shirane,
R. J. Birgeneau, and H. J. Guggenheim, Phys. Rev. B 28, 2602
(1983).

I7R. A. Cowley, H. Yoshizawa, G. Shirane, and R. J. Birgeneau, Z.
Phys. B: Condens. Matter 58, 15 (1985).

I8R. M. Hazen, in Physical Properties of High Temperature Super-
conductors 11, edited by D. M. Ginsberg (World Scientific, Sin-
gapore, 1990).

19G. Botton, M. Niewczas, and H. A. Dabkowska (private commu-
nication).

20g, Sugita, T. Watanabe, and A. Matsuda, Phys. Rev. B 62, 8715
(2000).

2lSee, for example: V. J. Emery, S. A. Kivelson, and J. M. Tran-
quada, Proc. Natl. Acad. Sci. U.S.A. 96, 6 (1999); 96, 8814
(1999).

227 Islam, X. Liu, S. K. Sinha, J. C. Lang, S. C. Moss, D. Haskel,
G. Srajer, P. Wochner, D. R. Lee, D. R. Haeffner, and U. Welp,

174505-7



J. P. CASTELLAN et al. PHYSICAL REVIEW B 73, 174505 (2006)

Phys. Rev. Lett. 93, 157008 (2004); J. Strempfer, 1. Zegkino- 94, 197005 (2005); A. Fang, C. Howald, N. Kaneko, M.
glou, U. Rutt, M. v. Zimmermann, C. Bernhard, C. T. Lin, Th. Greven, and A. Kapitulnik, Phys. Rev. B 70, 214514 (2004); C.
Wolf, and B. Keimer, ibid. 93, 157007 (2004). Howald, H. Eisaki, N. Kaneko, M. Greven, and A. Kapitulnik,

27. Islam, S. K. Sinha, D. Haskel, J. C. Lang, G. Srajer, B. W. ibid. 67, 014533 (2003); J. E. Hoffman, K. McElroy, D. H. Lee,
Veal, D. R. Haeffner, and H. A. Mook, Phys. Rev. B 66, 092501 K. M. Lang, H. Eisaki, S. Uchida, and J. C. Davis, Science 297,
(2002). 1148 (2002).

24D. de Fontaine, V. Ozolins, Z. Islam, and S. C. Moss, Phys. Rev. 26T. Hanaguri, C. Lupien, Y. Kohsaka, D. H. Lee, M. Azuma, M.
B 71, 212504 (2005). Takano, H. Takagi, and J. C. Davis, Nature (London) 430, 1001

25K. McElroy, D. H. Lee, J. E. Hoffman, K. M. Lang, J. Lee, E. W. (2004).

Hudson, H. Eisaki, S. Uchida, and J. C. Davis, Phys. Rev. Lett. 27R. S. Markiewicz, Phys. Rev. B 71, 220504(R) (2005).

174505-8



