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ompetition between magnetism and the kinetic energy of
mobile carriers (typically holes) in doped antiferromagnets
may lead to ‘stripe’ phases1–4 , which are charged rivers
separating regions of oppositely phased antiferromagnetism.
In copper oxides the main experimental evidence for such
coexisting static spin and charge order comes from
neutron scattering in La1.48 Nd0.4 Sr0.12 CuO4 (LNSCO; ref. 5) and
La1.875 Ba0.125 CuO4 (LBCO; ref. 6). However, as a neutron is
neutral, it does not detect charge but rather its associated lattice
distortion7 , so it is not known whether the stripes involve
ordering of the doped holes. Here we present a study of the charge
order in LBCO with resonant soft X-ray scattering (RSXS). We
observe giant resonances near the Fermi level as well as near the
correlated gap8,9 , demonstrating signiﬁcant modulation in both
the doped-hole density and the ‘Mottness’, or the degree to which
the system resembles a Mott insulator10 . The peak-to-trough
amplitude of the valence modulation is estimated to be 0.063
holes, which suggests11 an integrated area of 0.59 holes under a
single stripe, close to the expected 0.5 for half-ﬁlled stripes.
The charge/spin superstructure in LNSCO5 and LBCO6 appears
only in the low-temperature tetragonal (LTT) phase, is most
stable at x = 1/8 and coincides with an anomalous suppression
of the critical temperature Tc (ref. 12). This phase is frequently
interpreted as (quasi) static stripes that have been pinned by
the LTT distortion. The charge reﬂections observed with neutron
scattering are weak (∼6 times less intense than the magnetic
reﬂections) as neutrons only detect the lattice distortion, which
was estimated to be only about 0.004 Å (ref. 7). However, one
assumes that the hole modulation itself is signiﬁcant. We point
out, however, that the spin-density wave in elemental Cr also
exhibits half-wavelength charge reﬂections that are weaker by about
a factor of 4.1 and represent a distortion of similar size13 . So, in
the neutron Bragg peaks alone there is no clear diﬀerence between
the phenomenon in LNSCO and a simple spin-density wave. To
determine whether the doped holes are actually involved we have
studied LBCO with RSXS near the O K (1s → 2p) and Cu L3/2

C

(2p3/2 → 3dx2−y2 ) edges, which provide direct sensitivity to valence
electron ordering14–20 .
Single crystals of La2−x Bax CuO4 with x = 1/8 were grown
by the ﬂoating-zone method21 . The sample used in this study
had Tc = 2.5 K indicating suppressed superconductivity and stabilized spin/charge order. The sample was cleaved in air revealing a surface with (0, 0, 1) orientation. RSXS measurements
were performed on beam line X1B at the National Synchrotron
Light Source, Brookhaven, using a 10-axis, ultrahigh-vacuumcompatible diﬀractometer. The sample was cooled with a He ﬂow
cryostat connected through Cu braids, providing a base temperature of 18 K. X-ray absorption spectra (XAS) were measured in situ
in ﬂuorescence yield mode at the O K and Cu L3/2 edges and found
to be consistent with previous studies8 (see Figs 1, 3a). We will denote reciprocal space with Miller indices (H,K,L), which represent a momentum transfer Q = (2π/a H, 2π/b K, 2π/c L) where
a = b = 3.788 Å, c = 13.23 Å. The incident X-ray polarization depends on Q but was approximately 60◦ from the Cu–O bond for
measurements at both edges.
The O K XAS in the cuprates exhibits a mobile carrier peak
(MCP) at 528.6 eV, corresponding to transitions into the doped
hole levels, and an upper Hubbard band (UHB) peak at 530.4 eV,
corresponding to transitions into the d level of a neighbouring Cu
(see Figs 1 and 3). As the hole density increases, spectral weight
is transferred from the UHB to the MCP as the number of sites
opposing electron addition decreases8,9,22 . In this letter we take the
spectral weight in the MCP to be a measure of the local hole
density and that in the UHB to be a measure of the ‘Mottness’10 ,
that is, the degree to which there is a functioning Hubbard U , the
degree to which the system resembles a Mott insulator. The Cu L3/2
edge exhibits a main peak at 933 eV and ligand hole side band at
934.3 eV, which grows with doping. We take the sideband to be a
measure of the hole density, similar to the MCP, and the main peak
to be a measure of distortions in the Cu sublattice.
Static charge ‘stripe’ correlations were initially detected at the
Cu L3/2 resonance and mapped in the (H, 0, L) plane, shown
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Figure 1 A ‘resonance proﬁle’, that is, the energy dependence of the (1/4,0,L )
charge scattering compared with XAS. a, Data near the O K edge. Green line, XAS
spectrum for E  â (where E is the polarization direction and â is the CuO bond
direction). Red circles, intensity of charge scattering at L = 0.72 showing
enhancements at the MCP and UHB, demonstrating a signiﬁcant modulation of the
doped hole density. Blue line, |f Dxx (ω)| determined in Fig. 3. The energy width of
|f Dxx | is larger than the actual data points because the photoelectron lifetime
contributes in absorption but not scattering. EF is the Fermi energy. b, Data near the
Cu L3 edge for L = 1.47. A slight red shift is seen between the peak in resonant
scattering compared with absorption. The error bars describe the conﬁdence
(interval determined from the chi-squared value and one of the diagonal
components of the variance–covariance matrix) in the integrated intensity given
statistical noise in the experimental data.

Figure 2 Reciprocal space map of charge correlations in the (H, 0, L) plane.
These data were taken with the X-ray energy tuned to the Cu L3/2
(2p3/2 → 3d x 2−y 2 ) resonance. At its maximum the charge scattering is 175 Hz on a
ﬂuorescence background of 450 Hz. As L decreases, the ﬂuorescence intensity rises
as the angle of incidence on the crystal grows, reaching its maximum value at
L = 1.38, below which the takeoff angle falls, driving the intensity to zero through
sample self-absorption.

in Fig. 2. In agreement with hard X-ray studies23,24 , the scattering
was sharp along H but rod-like along L (correlation lengths
ξa ≈ 127a, ξc ≈ 2c), indicating quasi-long-range order in the CuO2
plane but weak coupling between planes. A maximum intensity
of 175 Hz on a ﬂuorescence background of 425 Hz was observed
at (0.251, 0, 3/2). Owing to diﬀerences in beam refraction a
slightly diﬀerent value H = 0.245 was observed at the O K edge.
The half-integer L indicates that charge order is oﬀset by 2a
between successive unit cells, presumably to minimize Coulomb
repulsion. No scattering could be detected oﬀ-resonance above the
ﬂuorescence background.
In Fig. 1 we display a ‘resonance proﬁle’, that is, the intensity of
charge scattering as a function of energy compared with XAS. For
geometric convenience the O K and Cu L3/2 data were taken with
L = 0.72 and 1.47, respectively. The charge scattering at the Cu L3/2
edge is oﬀset from the absorption maximum by 0.2 eV and probably
arises from distortions in the Cu sublattice. The O K scattering
exhibits strong resonances at both the MCP and UHB features,
indicating that the carrier density and the degree of Mottness are
both modulated in real space. This shows that this phase exhibits
real charge order and, perhaps more signiﬁcantly, is associated with
a periodic restoration of a Mott state.
The charge modulation seems to be substantial but it is
important to estimate its size. The integrated intensity of a Bragg
reﬂection is proportional to the square of its structure factor,
mn
ρmn
Q (ω) = (1/Vcell )j fj (ω) exp(iQ · rj ), where Vcell is the unit cell
mn
volume, fj (ω) is the X-ray form factor of atom j, rj its position,
ω is the photon energy, and m and n are incoming and outgoing
polarization indices25 . So to estimate the hole amplitude one must
ﬁrst deﬁne the X-ray form factor for a doped hole.
For this purpose we separate the oxygen form factor
fOmn (ω, p) = fR (ω) + pfDmn (ω), where fR is a ‘raw’ component

common to all oxygen atoms, that is, fR → 8 as ω → ∞, and
fDmn (ω) describes the polarization-dependent spectral changes with
the doped-hole density, p. fDmn has units of electrons per hole
and can be interpreted as the doped hole form factor. A form
factor is related to the absorptive part of the index of refraction
by Im[nm (ω; p)] = −re l2 /2πVcell Im[i fimm (ω, p)], where re is
the classical electron radius and l is the X-ray wavelength, so
fDmn may be determined from doping-dependent XAS. Using this
relationship and data from ref. 8 (Fig. 3a) we extracted the diagonal
components Im[fDmm (ω)] by solving a system of equations at each
energy and retrieving the real parts by Kramers–Kronig transform.
The oﬀ-diagonal components were assumed to be small. For an
x-oriented hole we ﬁnd |fDxx | = 82 electrons per hole on the
resonance maximum, that is, a doped hole scatters as strongly as
a Pb atom.
A stripe structure factor ρmn
stripes was constructed based on the
orbital pattern from a previous three-band Hubbard calculation11
to relate fDmn (ω) to the scattered intensity (Fig. 3c). This pattern was
stacked in alternating fashion as proposed in ref. 7 and, accounting
for the incident and scattered polarizations, the structure factor
−3
was computed analytically to be |ε ∗f ·ρ stripes ·ε i | = A · (0.00475 Å )
∗
(where ε i and ε f are the incident and scattered (or ‘ﬁnal’)
polarizations, respectively). A is a ﬁt variable that may be
interpreted as the number of holes contained in one stripe a
single unit cell in length (A = 0.5 would be consistent with
half-ﬁlled stripes).
The integrated intensity of resonant scattering was determined
in the ellipsoidal approximation by tuning to the MCP and carrying
out linear scans along three orthogonal directions, and taking the
product I = Ipeak × qx qy qz , where Ipeak is the peak count rate
in hertz and qn is the width along direction n. We measured
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Figure 4 Temperature dependence of the charge scattering. Charge correlations
are visible below the LTT phase transition temperature TLTT of 60 K. TLTT is higher
than previously reported because x is closer to 1/8. Inset: Charge scattering at both
edges exhibits the same temperature dependence, suggesting that the holes and
lattice order together. The error bars indicate the square root of the number
of counts.
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Figure 3 Determining the X-ray form factor, fD (ω), for a single doped hole.
a, XAS for La2−x Srx CuO4 with x = 0 (red line) and x = 0.15 (black line) for E  â,
reproduced from ref. 8. Spectra were placed on an absolute scale by ﬁtting to
tabulated values28 far from the edge. Data from the current sample (green line) are
shown for comparison. b, fDxx (ω) for an x-oriented hole determined by using the
2
expression Im[n m (ω;p)] = −re l /2πVcell Im[ i f imm (ω, p)] to construct a 2× 2
system of equations, matrix inverting to get Im[fDxx (ω)] and Kramers–Kroning
transforming. |f Dxx | reaches a maximum value of 82 at ω = 528.6 eV, where a
single hole scatters as strongly as a Pb atom. c, Stripe orbital pattern derived from
the three-band Hubbard calculation in ref. 11 with ‘peak’ and ‘trough’ locations
indicated. Occupancies consistent with the experiment are shown. Note that despite
the large integral the peak-to-trough amplitude is only 0.063 holes, as the doped
holes are distributed over many sites.

−1

qx = 0.0133 Å and qy = 0.0169 Å . The limited Q range
of RSXS prevented complete determination of qz so we use the
−1
−3
value from ref. 6 of qz = 0.256 Å , giving Istripes = 0.101 Hz Å .
To determine the absolute scale, the same measurement was done
10 eV below the O K edge on the (0, 0, 2) Bragg reﬂection from
a cleaved single crystal of Bi2 Sr2 CaCu2 O8+δ , which has a known
structure factor. Comparing the two, correcting for diﬀerences in
−3
absorption, we arrive at |ε ∗f ·ρ stripes ·ε i | = 0.00282 Å or A = 0.59
holes. This number is only an estimate but is close to the value
0.5 expected for half-ﬁlled stripes. The estimated occupancies for
various orbitals are shown in Fig. 3c. Note that despite the large
integral the peak-to-trough amplitude is only 0.063 holes, as the
doped holes are distributed over many sites.
To search for a diﬀerence between the ordering of holes and the
lattice, angular scans through the charge scattering were performed
at diﬀerent temperatures at both the MCP and Cu L3/2 resonances
(Fig. 4). Charge correlations were visible at both edges below
the LTT transition at 60 K, which is higher than previously
published6 because the x value for our sample is closer to 1/8
(ref. 26). No diﬀerence in temperature dependence was detected
between the two edges, suggesting that the holes and lattice
order simultaneously.
The reader may wonder about the relationship between this
study and the negative result reported in ref. 12 for optimally doped
La2 CuO4+y (LCO), in which the stripe order is sometimes said
to be ‘dynamic’. It is well known that a ﬂuctuating density can
give rise to diﬀuse, elastic scattering, a common example being
Rayleigh scattering by the atmosphere. In ref. 14 we showed that
the resonant diﬀuse scattering from such ﬂuctuations in LCO is
negligible, that is, such correlations may be valid excited states but
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are not thermally occupied, therefore translational symmetry is not
broken even on short timescales. By contrast the charge ordering in
LBCO is static and, as evident from the large amplitude and the
broad spectral width, a macroscopic fraction of the doped holes
are modulated. The amplitude of 0.063 is similar to an estimate
for Nickelate stripes20 even though the lattice in LBCO is only
weakly involved. The associated modulation of high-energy spectral
weight is strong evidence that this phase is driven instead by a
desire of the system to restore a Mott state in some regions of
the sample.
Our results do not establish whether this phase is truly nematic
or is, for example, a ‘checkerboard’ Wigner crystal27 . Forthcoming
measurements will address this issue. In the meantime, we point
out the similarity of this phenomenon to the ‘hole crystal’ observed
in Sr14 Cu24 O41 (ref. 17). The importance of Umklapp processes for
the stability of a Wigner crystal on a lattice may explain the stability
charge order at the commensurate doping x = 1/8.
Received 11 August 2005; accepted 4 November 2005; published 1 December 2005.
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