PHYSICAL REVIEW B 88, 024505 (2013)
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A charge modulation has recently been reported in (Y,Nd)Ba2 Cu3 O6+x [G. Ghiringhelli et al., Science 337,
821 (2012)]. Here we report Cu L3 edge soft x-ray scattering studies comparing the lattice modulation associated
with the charge modulation in YBa2 Cu3 O6.6 with that associated with the well-known charge and spin stripe
order in La1.875 Ba0.125 CuO4 . We find that the correlation length in the CuO2 plane is isotropic in both cases, and
is 259 ± 9 Å for La1.875 Ba0.125 CuO4 and 55 ± 15 Å for YBa2 Cu3 O6.6 . Assuming weak interplanar correlations
of the charge ordering in both compounds, we conclude that the order parameters of the lattice modulations in
La1.875 Ba0.125 CuO4 and YBa2 Cu3 O6.6 are of the same order of magnitude.
DOI: 10.1103/PhysRevB.88.024505
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I. INTRODUCTION

Doped cuprates in the so-called 214 family,
with
dopants
substituting
La
i.e.,
La2 CuO4
[La2−x−y (Sr,Ba)x (Eu,Nd)y CuO4 ], have been shown to
exhibit so-called stripe order near x = 1/8: that is, antiphase
antiferromagnetic domains separated by stripes of uniaxial
charge.1–9 This ordering co-exists with, and possibly competes
with superconductivity.1,3,6,10,11 The stripes of LBCO break
rotational symmetry and thus also bear some similarity to
the nematic and smectic order observed in the underdoped
pseudogap region.12,13 Furthermore, the recent observation
of charge density wave (CDW) correlations in the 123
family [(Y,Nd)Ba2 Cu3 O6+x ]14–18 of the cuprates suggests that
charge ordering may in fact be a universal feature of cuprate
superconductors. However, it is not clear how the charge
modulations in the 123 compounds relate to the more familiar
stripes observed in the 214 family.
In
particular,
the
modulations
observed
in
La1.875 Ba0.125 CuO4 (LBCO) and YBa2 Cu3 O6.6 (YBCO)
differ in some important respects. First, the characteristic
in-plane wave vectors are different: In LBCO, which is
tetragonal, the modulation peaks at the same position,
q ≈ 0.24, along both H and K.1,6,19 In YBCO, which is
orthorhombic, however, q is closer to 0.31. Furthermore, there
is a small anisotropy in the value of q between H and K in
r.l.u., although it has the same value in Å−1 .15–18,20 Second,
in LBCO, the appearance of stripe ordering coincides with
the onset of a low temperature tetragonal phase (LTT).1,6 The
stripe order, if it exists, is very weak above the LTT transition
temperature (TLTT = 68 K).6 Below the transition temperature,
the charge stripe order parameter is constant as a function
of temperature.19 In YBCO, there is no such concomitant
structural transition,15 and the amplitude and correlation
length of the charge order peak increase with decreasing
temperature, reaching a maximum at the superconducting
transition temperature, below which they both decrease.15
Finally, the doping dependence of the in-plane wave vectors
in the two systems is quite different. In LBCO there is a strong
positive correlation between the doping content (x) and q,
particularly below x = 1/8.6,21 In YBCO, the dependence on
1098-0121/2013/88(2)/024505(4)

doping, though weaker, is the opposite, i.e., q decreases with
increased doping.17,18
Given these distinctions, a rigorous comparison of the
ordering between the two compounds is required to shed light
on whether or not a common underlying instability gives rise to
these charge correlations. Here, we report such a comparison
using resonant x-ray scattering (RXS) at the Cu L3 edge,
which is especially effective for detecting charge order and/or
corresponding lattice modulations.22 The two samples (LBCO
and YBCO), well characterized by other measurements, are
studied with the same experimental setup and under identical
conditions to allow direct, quantitative, comparison of the
scattered intensities. We find that the in-plane correlation
In−plane
lengths are isotropic in both cases, ξLBCO = 259 ± 9 Å,
In−plane
ξYBCO = 55 ± 15 Å, and that the order parameters are of
the same order of magnitude in the two systems.
II. EXPERIMENTAL DETAILS

The LBCO single crystal used for this experiment was
grown using the floating zone method at Brookhaven National
Laboratory. Its crystal structure is tetragonal with space
group (I 4/mmm) and lattice parameters a = b = 3.78 Å, c =
13.28 Å at room temperature. Throughout this paper LBCO is
indexed with this unit cell. The YBCO single crystal, which is
the same sample as in a previous study,15 is detwinned and
was synthesized by a self-flux method at the Max Planck
Institute, Stuttgart.23 Its crystal structure is orthorhombic
with lattice parameters a = 3.82 Å, b = 3.88 Å, c = 11.7 Å.
Both the LBCO and the YBCO samples have the same
hole concentration (p ≈ 0.125). The hole concentration p for
YBCO was determined from the known doping dependence of
the out-of-plane lattice parameter c and of Tc .15,24 In LBCO,
this hole concentration corresponds to the dip in the dome of
superconductivity in the phase diagram where the stripe order
is strongest,6 while in YBCO, this corresponds to the point
where there is a plateau in the phase diagram.24
Soft x-ray diffraction experiments were carried out on the
X1A2 beamline at the NSLS, Brookhaven National Laboratory, using a six-circle in-vacuum diffractometer. The YBCO
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single crystal was polished in air,15 while the LBCO crystal
was cleaved ex situ, to reveal surfaces with a [001] surface
normal. They were mounted such that the [001] and [010]
directions lay in the scattering plane. Since the YBCO sample
is well detwinned, the [010] direction was chosen to avoid
the strong background from the oxygen chain superstructures
along the [100] direction.15,18 Experiments were performed
in a vertical scattering geometry with σ -incident x rays, that
is, the electric field of the incident x-ray photons was always
along the [100] direction (a axis), within the CuO2 planes and
perpendicular to the scattering plane. The samples were cooled
in a He flow cryostat, and the scattered x rays were detected
using an in-vacuum CCD camera at a fixed distance of 0.355 m
from the sample. The CCD camera has (2048 × 2048) pixels,
each pixel is (13.5 × 13.5) μm2 in size.
The diffraction data were collected using photons with
energies near the Cu L3 absorption edge (2p3/2 → 3d) which,
as noted earlier, greatly enhances the sensitivity of the
scattering signal to the lattice distortion induced by the charge
ordering.25 More specifically, the resonant signal from each
material was maximized by choosing the energy corresponding
to the peak intensity in the x-ray absorption spectrum (XAS).
For LBCO, the data were collected at 15 K, while for YBCO,
the data were collected at 60 K, the temperature at which the
peak scattered intensity from the charge modulation is known
to be largest.15 The beam-line configuration used was identical
for both samples, and the data were normalized to an incident
intensity beam monitor. The sample orientation (UB matrix)
was determined using the (002) and (101) Bragg reflections
measured at 1060 and 1700 eV, respectively. The momentumdependent scattering for both LBCO and YBCO was measured
using K scans, keeping H and L fixed. The positive K values at
which the data is reported for LBCO correspond to grazing exit
geometry, while the negative K values for YBCO correspond
to grazing incidence geometry. The same value of L was
chosen for both samples (L = 1.39 r.l.u.). The CCD image
collected at each point was then converted into reciprocal
lattice coordinates pixel by pixel, from which two-dimensional
(2D) slices through reciprocal space were constructed. These
are shown in Figs. 1(a) and 1(c) for LBCO and YBCO,
respectively. We note that the scattered intensities shown
here are not energy resolved, and have some contribution
from inelastic scattering as well. However, the inelastic
scattering comes mainly from interorbital transitions (dd
excitations), with small contributions from paramagnon and
charge transfer excitations.15,26–28 The inelastic contribution is
only weakly dependent on q and can be subtracted as a flat
background.
For a more accurate comparison of total scattering cross
section from the two samples, two corrections were applied
to the measured scattering intensity, in addition to the flat
background subtraction. First, the data were corrected for selfsinθi
absorption using: I = Io (1 + sinθ
), where I is the corrected
f
intensity, Io is the measured intensity, θi is the angle between
the sample surface and the incident wave vector ki , and θf is
the angle between the sample surface and the scattered wave
vector kf .29 Due to the scattering geometry and the different
wave vectors probed for LBCO and YBCO, this correction was
larger for LBCO than YBCO by a factor of ∼ 2.5. In addition,
a multiplicative correction factor of ∼ 0.6, was applied to

FIG. 1. (Color online) (a) 2D map of the scattering intensity for
LBCO in the (H,K,1.39)HTT plane integrated over the region 1.35 
L  1.43, showing isotropic correlation in the a-b plane. Data were
taken at T = 15 K. (b) Result of a 2D fit of (a) to a Lorentzian squared
function with a planar background. (c) and (d) The scattering and fit
for YBCO. The data for YBCO were taken at T = 60 K. Data for
both LBCO and YBCO were collected at the energy corresponding
to the peak in the absorption spectrum.

the YBCO intensity to account for the different absorption
coefficients for the two samples, and consequent different
volumes probed. This factor was calculated from tabulated
values of the attenuation lengths for the two compounds.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the momentum dependence of the
scattering in the HK plane for LBCO, integrated over the
region 1.35  L  1.43. Note that all intensities henceforth
are integrated over the same range in L, unless otherwise noted.
The scale bars for Fig. 1 show the total scattering intensity
normalized to the monitor and may be compared directly.
These data were taken at T = 15 K. Figure 1(c) shows the
scattering for YBCO which was measured at T = 60 K. As
noted earlier, in both cases the energy at which the data were
collected corresponds to the peak of the XAS for the respective
materials. It is immediately clear that the peak in YBCO
is much broader than in LBCO, signaling a much shorter
correlation length of the modulation in the 123 compound.
Furthermore, the peak intensity of the scattering for LBCO is
over an order of magnitude larger than that for YBCO.
For a more quantitative comparison, these data were fit to
a 2D Lorentzian squared function with a planar background.
Figures 1(b) and 1(d) show the corresponding fits for LBCO
and YBCO, respectively. In the fits shown here, the widths
along H and K are constrained to be identical. When the
widths of the peak along H and K were allowed to vary
independently, the goodness of the fit as measured by χ 2 ,
improves by only 2% and the resulting fit widths were equal
to within 10%. Therefore, to reduce the number of free
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parameters, we constrain the widths to be equal, that is, the
correlation lengths are isotropic in the Cu-O plane.
The fits yield a peak intensity ∼17 times larger for
LBCO than for YBCO. For LBCO, the peak is centered at
K = 0.244(1) r.l.u., while for YBCO the center is at K =
−0.323(2) r.l.u.. As noted earlier, the K direction was chosen
for YBCO to minimize scattering from the oxygen chain
ordering which occurs at a comparable wave vector along
H in our detwinned sample. The observed charge modulation
is further distinguished from the chain order in two ways.
First, the temperature dependence of the charge modulation
(not shown here) shows that its correlation length is longest at
60 K, and decreases sharply at lower (25 K) as well as higher
(100 K) temperatures. This is distinct from the behavior of
the chain order peak, which grows stronger with decreasing
temperature with no notable feature at TC .20 Second, we in
fact observed the chain order peak along H in this same
sample. We find that the chain order resonates ∼2 eV above
the peak in the absorption, where the CDW peak is maximized,
consistent with previous reports.15,20 Thus, the two are distinct
in energy and easily resolved. Having distinguished the CDW
peaks from the chain order peaks, we extract, from the fits,
1
in-plane correlation lengths for the CDW peaks ( HWHM
) of
259 ± 9 Å for LBCO and 54.7 ± 15 Å for YBCO. That is,
the correlations in YBCO, extending to ∼ 15 unit cells, are
about 5 times shorter in range than in LBCO, where they
extend up to ∼ 70 unit cells. These results are consistent with
earlier reports in LBCO19 and YBCO.15 We note here that
the correlation length (255 ± 5 Å) for LBCO reported in19
was measured at the oxygen K-edge prepeak, which directly
probes the charge modulation. The comparison between the
scattered intensity peaks and widths for the two samples is
seen more clearly in Fig. 2 which shows line cuts through
the peaks for LBCO and YBCO with the planar background
subtracted.

We now discuss the question of the relative intensities of
the two modulations, which relates to the size of the square
of the two order parameters. Without having a precise form of
the structural distortion associated with the charge modulation,
it is difficult to directly relate the scattering intensity to
the modulation amplitude. Here we make the simplifying
assumption that at the copper edge, the structure factors have
the same form for both LBCO and YBCO. Furthermore, we
make the assumption that the volume fraction of the charge
modulation is the same in both materials. Then, the two order
parameters are proportional to the integrated intensity per
unit volume probed and we can compare the two directly.
The correlations along the c axis being weak,19 we can
further assume that the L-axis dependence of the scattering is
dominated by the structure factor, which we assume to be the
same for the two materials. Since the range of L over which the
intensity is integrated is the same for both LBCO and YBCO,
the L dependence can be factored out in the comparison.
Therefore, the integrated intensity is ∝ Ipeak ×  2 , where  is
the in-plane peak width and Ipeak is the peak intensity. We then
= 1.3 ± 0.5; or equivalently, AAYBCO
= 1.1 ± 0.5,
find IIYBCO
LBCO
LBCO
where A is the amplitude of the respective order parameters,
that is, the amplitude of the associated lattice modulation.
Thus, even though the peak intensity of the modulation is much
weaker in YBCO, as are the correlations, the order parameters
in the two materials are approximately equal.
Unfortunately, from these measurements alone it is not
possible to determine the amplitude of the respective charge
modulations driving these lattice modulations. This is an
interesting question and there are perhaps methods to answer
this empirically,22 or possibly through calculations of the
momentum-dependent electron-phonon coupling. However,
we leave this for future studies.

IV. SUMMARY

FIG. 2. (Color online) Line cuts of the background subtracted
scattered intensities for LBCO (blue) and YBCO (red). The YBCO
data have been multiplied by a factor of 4 for clarity. The x axis
shows the displacement in r.l.u. from the center of the peaks. The
solid lines show the line cuts of the 2D Lorentzian squared fit which
was shown in Figs. 1(b) and 1(d). The error bars shown here do not
show statistical errors, but an estimate of the systematic errors of the
experiment.

A previous study19 highlighted the huge difference in the
amplitude of the charge modulations associated with stripe
order between two 214 systems, LBCO and LNSCO. Here,
we have two systems, in which as noted earlier, the charge
correlations differ in significant ways, the most important
being, perhaps, the different wave vectors for the modulations.
Another important distinction is the absence of magnetic order
in YBCO for the doping considered here,30–32 as opposed
to LBCO where the uniaxial arrangement of the charges
delineates the antiferromagnetically ordered regions to form
the so-called stripes. Despite these distinctions, we find that
the amplitudes of the associated lattice modulations in the two
systems are comparable in magnitude. More work is required
in order to determine whether this fact is a simple coincidence
or whether this is hinting towards some similarities in the
mechanism for the formation of charge order in LBCO and
YBCO.
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N. Doiron-Leyraud, B. J. Ramshaw, R. Liang, D. A. Bonn, W. N.
Hardy, and L. Taillefer, Nature (London) 463, 519 (2010).
13
M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka, C. K.
Kim, H. Eisaki, S. Uchida, J. C. Davis, J. P. Sethna, and E.-A. Kim,
Nature (London) 466, 347 (2010).
14
T. Wu, H. Mayaffre, S. Kraemer, M. Horvatic, C. Berthier, W. N.
Hardy, R. Liang, D. A. Bonn, and M.-H. Julien, Nature (London)
477, 191 (2011).
15
G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa,
C. Mazzoli, N. B. Brookes, G. M. De Luca, A. Frano, D. G.
Hawthorn, F. He, T. Loew, M. M. Sala, D. C. Peets, M. Salluzzo,
E. Schierle, R. Sutarto, G. A. Sawatzky, E. Weschke, B. Keimer,
and L. Braicovich, Science 337, 821 (2012).
16
J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen, J. Larsen,
J. Mesot, R. Liang, D. a. Bonn, W. N. Hardy, A. Watenphul, M. V.
Zimmermann, E. M. Forgan, and S. M. Hayden, Nature Physics 8,
871 (2012).
17
E. Blackburn, J. Chang, M. Hücker, A. T. Holmes, N. B.
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