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We report the observation of a bulk charge modulation in Laj gsSro.12CuOs (LSCO) with a
characteristic in-plane wave-vector of (0.236, +4), with 6 = 0.011 r.l.u. The transverse shift of the
ordering wave-vector indicates the presence of rotated charge-stripe ordering, demonstrating that the
charge ordering is not pinned to the Cu-O bond direction. On cooling through the superconducting
transition, we find an abrupt change in the growth of the charge correlations and a suppression
of the charge order parameter indicating competition between the two orderings. Orthorhombic
LSCO thus helps bridge the apparent disparities between the behavior previously observed in the
tetragonal “214” cuprates and the orthorhombic yttrium and bismuth-based cuprates and thus lends
strong support to the idea that there is a common motif to charge order in all cuprate families.

Charges doped into the copper oxide planes of
the insulating parent compounds frequently organize
into rich electronic textures. The most well-known
example is the charge-spin stripe state, first seen
in Laj 4sNdg 4Srg.120CuOy @], and subsequently in
a number of other “214” cuprates, most notably
Lay_,Ba,CuO4 (LBCO) [2§]. More recently, charge
modulations have also been observed in other cuprate
families including YBayCusOgy, (“1237) [d116], and
(Big,szx)(Srg,yLay)Can,lCun02n+4+5 (“221277 ifn =
2) [17-21]. This suggests that the charge ordering (CO)
in the copper oxide planes stems from a fundamental un-
derlying instability common across the different cuprate
families.

However, this apparent ubiquity belies significant dif-
ferences in the CO characteristics between the different
families. In the 214 compounds, the charge order oc-
curs at a wavevector qco ~ 0.24 r.l.u. and is accom-
panied by static spin order of twice the period, leading
to a picture of charge stripes which form antiphase do-
main walls separating regions of antiferromagnetic order.
These are stabilized by the low temperature tetragonal
(LTT) phase present in these materials [22-24], lead-
ing to a stripe phase that is locally commensurate ﬂﬁ]
At ¢ = 1/8, these LTT stabilized charge spin stripes
strongly suppress bulk superconductivity, e.g. in LBCO,
T. <2 K [2d,R7).

In contrast, in the orthorhombic yttrium- and bismuth-
based compounds, which lack the LTT phase, the charge
order occurs at gco ~ 0.3 r.l.u. and there is no static spin
order down to at least 5 K m—l&_ﬂ] Instead, the mag-
netism is dynamic and though it is incommensurate, the
spin fluctuations do not occur at twice the period of the
charge order ] Indeed, the spin wave vector has the

opposite doping dependence to that of the charge order
wave vector HE] In these systems, a Fermi-surface nest-
ing picture has been invoked to describe the origin of the
charge order ﬂﬂ, ﬂ—@] While the charge modulations
in the 123 family do not suppress superconductivity as
strongly as in LBCO, there is clear evidence that they
are coupled to superconductivity: specifically, the inten-
sity and correlation 1enh of the charge modulation both
13].

peak at T, ﬂﬂ, , ,

Reconciling the differences between the two classes is
essential to develop, or rule out, a unified picture of elec-
tronic ordering in the cuprates, and to understand the
relationship between the electronic order, superconduc-
tivity and the pseudogap phase. To address this, what
is required is something of a “missing link” compound
between the two families. That is an orthorhombic com-
pound without an LTT crystal structure that has spin
and charge stripe order.

Here we report that Laj ggSrg.12CuOy4 (LSCO) is just
such a compound. It exhibits bulk charge order at
(0.236(4), £9), with 6 = 0.011(1) r.L.u., and correlations
extending to about 20 nearest Cu sites in the Cu-O plane
(€co ~ 60 A). The ordering wave-vector is close to that
observed in the other 214 compounds, but is shifted in the
transverse direction, demonstrating the charge stripes,
as well as the spin stripes @], are rotated by ~ 3°
away from the Cu-O bond direction, and consequently
not locked to the high symmetry directions in the lat-
tice. On entering the superconducting phase, the growth
of the charge correlations is interrupted, indicating that
both phenomena compete for the same electrons. Taken
together with existing results in 123 and 2212 cuprates,
these new results suggest that charge ordering in the dif-
ferent cuprates has a common phenomenology, and inter-



acts with bulk superconductivity in similar ways despite
differences in for example, wave-vector and spin order.
In particular, it suggests that charge order and super-
conductivity are delicately balanced in these materials.
If the charge order is sufficiently well correlated, with a
CO correlation length £co > 100 A, and/or a wavevector
that is pinned to the lattice, as in LBCO, it can prevent
the formation of a coherent superconducting state ﬂﬁ] A
weakly correlated charge modulation that is not pinned
to the lattice, as is the case in LSCO examined here, al-
lows superconducting phase coherence and consequently
a bulk superconducting state to develop at the cost of
the charge order parameter.

The LSCO sample used for this experiment was a single
crystal grown using the floating zone method ﬂﬁ], and
cleaved ex situ to reveal a [001] surface normal. At room
temperature, its crystal structure is tetragonal with space
group (I4/mmm) and lattice parameters a = b = 3.78 A,
c¢=13.23 A . Below about 255 K, a structural transition
to the Bmab space group M] occurs forming twinned or-
thorhombic domains. Despite this, throughout this paper
we will index reciprocal space using the high temperature
tetragonal (HT'T) unit cell, for ease of comparison with
other studies. As determined from magnetic suscepti-
bility (see Supplementary Material), the sample exhibits
bulk superconductivity with an onset transition tempera-
ture (T, = 27.5+0.5 K) and a transition width of ~ 3 K

]. It has a hole concentration (z ~ 0.12) |, i.e.,
close to the doping for which there is a plateau in the
z — T, phase diagram [34].

The soft x-ray diffraction experiments were carried out
on the X1A2 beamline at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory, using
photons with energies at the peak of the the Cu L3 x-ray
absorption spectrum (2p3/o, — 3d), which enhances the
sensitivity to lattice distortion caused by charge ordering
136, 37]. The sample orientation (UB matrix) was deter-
mined using the (002) and (101) Bragg reflections, and
a CCD detector was used to collect the scattered inten-
sity, which was then rebinned to obtain two-dimensional
(2D) slices through reciprocal space. We note that the
scattered intensities are not energy resolved, and have
a substantial contribution from inelastic scattering. This
contribution is, however, only weakly dependent on ¢ and
was subtracted as a flat background ﬂﬂ, @]

Hard x-ray diffraction experiments on the same sam-
ple were conducted on beamlines X22C at the NSLS and
6ID-B at the Advanced Photon Source (APS), Argonne
National Laboratory. In both cases, an incident pho-
ton energy of 8.9 keV was chosen to avoid the fluores-
cence background from copper emission. The scattered
x-rays were detected using a point detector. Both the
hard and soft x-ray measurements were conducted in a
vertical scattering geometry, with the [001] and [100] di-
rections lying in the scattering plane, and o polarized
X-rays.
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FIG. 1. (Color online) CO scattering intensity in the
(H, K,1.5)urT plane collected at photon energies set to the
peak in the Cu Ls-edge absorption, and integrated over
148 < L < 1.52 for (a) 12 K, (b) 27.4 K and (c) 38.5 K.
The data are normalized to the background intensity for each
temperature. (d-f) Results of corresponding 2D fits to two
Lorentzian-squared functions with a planar background.

Figures[i(a-c) show the momentum dependence of the
scattering in the H K plane, integrated over 1.48 < L <
1.52,at T = 11.9 K (< T¢), 27.4 K (~ T¢), and 38.5 K
(> T¢), as measured at the Cu Lz edge.. Two peaks are
observed at H = 0.236(4) r.l.u., split in the transverse,
K direction. Given the orthorhombic crystal structure, it
is not surprising to see multiple peaks arising from twin
domains rotated with respect to each other ﬂﬂ] How-
ever, the angle of rotation between the twins (~ 0.3° [42))
cannot account for the observed positions of the peaks,
as illustrated in Figure[2l In the LTO phase, the LSCO
system generally includes four possible twins @] com-
prising two mirror pairs, rotated by 90 degrees with re-
spect to each other. The Bragg peaks arising from the
splitting of the (1,0, 1)grr reflections for the two pairs
of domains are shown in red and blue stars respectively
in Figure2(a). The red and blue squares show the corre-
sponding calculated locations for CO peaks, assuming the
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FIG. 2. (Color online) (a) Schematic drawing showing the

peak positions of the structural lattice and CO Bragg peaks
in reciprocal space arising from the four possible domains
in twinned LSCO for T' < Tco (see text). The magnitude
of the orthorhombic distortion and CO incommensurability
are exaggerated by a factor of 40 for clarity. The red and
blue squares show the calculated positions of the CO peaks
corresponding to the individual domains if there were no in-
commensurability in the transverse direction. The large filled
black squares show the positions of the observed peaks. The
arrows show the direction of K scans taken at 12 K through
the (1,0, 1) fundamental Bragg peak (b) and (—0.236, 0, 1.5)
CO peak (c). The separation between the CO peaks is signif-
icantly larger than that between the structural peaks even
though the magnitude of the in-plane wave-vector is four
times smaller. The arrows in (c) show the expected positions
of the CO peaks based on orthorhombic splitting.

CO superlattice has the same symmetry as the underly-
ing structural lattice. The expected orthorhombic split-
ting for the CO is § = £0.0017 r.l.u. In fact, as shown
in Figure2lb), the CO peaks have 6 = £0.011 r.L.u. — as
depicted by the large filled black squares in Figure 2l(a).
In Figure 2[(b) transverse (K) scans through the (1,0,1)
Bragg peaks at T' = 12 K are shown; here the splitting
is precisely the expected value of 0.007 r.l.u. at this Q.
Thus we conclude that the two peaks around (0.24,0)
do not arise from orthorhombic splitting, but rather are
due to an intrinsic transverse incommensurability of the
charge order itself.

Previous works have reported a transverse incommen-
surability for elastic magnetic peaks in Laj ggSrp.12CuQOy
[32, 43] and in LayCuO4ys [44]. This transverse shift
was described by the angle of rotation (fy) of the spin
density modulation direction away from the tetragonal
axes. The angle was ~ 3° in both cases. Here we report
that the CO wave-vector is rotated by ~ 2.7°, which is
comparable to that of the magnetic peaks. It seems natu-
ral then to conclude that the magnetic and charge peaks
arise from a single coherent charge and spin density wave
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FIG. 3. (Color online) Background subtracted hard x-ray

data plotted along with soft x-ray data collected at the Cu
Ls-edge. (a) Scans along H through the CO peak at L = 1.5
at 931 eV and 12.5 K (shown in red), and at L = 8.5 at 8.9
keV and 7.5 K (shown in blue). (b) K scans through the same
peaks showing the splitting along the transverse direction.

structure (stripes) that is rotated by ~ 3° from the Cu-O
bond direction. This is the first such observation of ro-
tated charge stripes. Rotated stripes are consistent with
the predictions from a Ginzburg-Landau analysis of the
stripe order parameter [25].

Since the tetragonal symmetry of the crystal structure
is already lost when it goes through the LTO transition
at ~ 255 K, there is no a priori reason to expect the CO
to exhibit tetragonal symmetry. However, orthorhombic-
ity is not a sufficient condition to explain the transverse
shift since no such shift is seen in YBCO, which is also
orthorhombic. According to the analysis in ﬂﬁ], the key
to the rotated stripe order is the rhombohedral distor-
tion of the Cu-O plaquette in LSCO. One way rotated
stripes can be accommodated is through kinks along the
charge walls, where the average separation between the
walls changes from three spins to four spins, to account
for the deviation of ¢ from 0.25. A tilt angle of ~ 2.7°
would correspond to a kink roughly every 21 Cu sites
along a stripe. Measuring the doping dependence of CO
could shed light on the appropriateness of this picture
[45]. Finally, we note that the CO sets in at a higher
temperature than the spin order (Tso = 30 K D,
suggesting that the CO energetics sets the stage for the
rotated geometry of the spin charge stripes.



wil T T T I T T T T I T T T T I ]

> 500 :—w =

= = l® =

w2l s00F @ =

o c = @ 3

> 300 I =

© © = | ® 3

o — o e @ o =

a 100 E I ® o ( )0-_

0 L b by |a| d

UUNSLENNLEMELEN NN B N N [N N N B N S

0.060 n | *** * ¥ 4 % -

L | i*** *

S — - | -

T 5 0.040p |ﬁ“ -

= - | .

w - B i

0.020F | =

B I .

0.000 :I TR A T T T S A T (Ib)l |:

E\ . :l T T |f T T I T T T T I :

4] - vy .

o5 0150 1% -

== n [ i .

£c F iA 4 2 .

© 3 0.100p= | i % -

_8 o) C | .

C » .

© © = I x ]

g'—' 0.050 p= | -

] C .

E 0.000 SRR T T R (|C)| i
' 40 80 120

Temperature (K)

FIG. 4. (Color online) Temperature dependence of the (a)
Peak intensity, (b) FWHM, and (c) Integrated intensity, of the
scattering from the CO at the Cu Ls-edge. The dotted line
shows the superconducting transition, 7.. The peak intensity
and the integrated intensity show a maximum at Tc. At the
same time, the correlations, which are inversely proportional
to the FWHM, develop and grow stronger below ~ 60 K, but
are suppressed on entering the superconducting state.

Given that previous work suggested that charge or-
dering in LSCO is a surface phenomenon ], we uti-
lized hard x-ray scattering to probe deep (several mi-
crons) into the sample. Figure [ compares H and K
scans through the charge order taken at 8.9 keV (blue
squares) and 931 eV (red circles). The data lie on top
of each other, and yield the same correlations lengths.
Furthermore, we observe a transverse split of the same
magnitude with hard x-rays as was seen with soft x-rays.
As demonstrated recently in Ref. HEL we conclude that
the charge order in LSCO is a bulk phenomenon. We also
measured the integrated intensity of the charge order in
Laj g75Bag.125CuOy4 using hard and soft x-rays under the
same experimental conditions as for the present data. At
both energies, the LSCO integrated intensity is found to
be ~ 4 times weaker than Laj g75Bag 1205CuOy ]

To see the effect of superconductivity on the charge or-
der, we next look in detail at the temperature dependence
of the scattering. To do so, we fit a two dimensional func-

tion comprising two isotropic Lorentzian-squared func-
tions of equal width and centered at (H,, £K,) on a plane
background to the data such as shown in Figures [Ifa-c).
The fits yield peak positions of (—0.236(4),40.011(1)).
This value is found to be independent of temperature,
and was therefore held fixed for all fits. Example result-
ing fits are shown in Figures[I[d-f) along side the respec-
tive experimental data. Figure @ shows the evolution
of the peak intensity, the full-width-at-half-maximum
(FWHM), and integrated intensity of the scattering as
a function of temperature. Significant charge order sets
in at Tco ~ 60 K. Though it is hard to distinguish a
clear peak above this temperature, there are indications
of remnant intensity, suggesting that correlations might
persist at higher temperatures. Below 60 K, the peak in-
tensity rises sharply, accompanied by a corresponding de-
crease in the FWHM. The integrated intensity also rises
below Tco. An abrupt change is seen in all these parame-
ters as the superconducting state is entered. This is most
obviously seen for the peak intensity, which shows a clear
suppression below T,. The FWHM continues to decrease,
though the rate of decrease is much slower than above T..
The correlation length, calculated as (m)7 increases
slightly from ~ 55 A at T, to ~ 60 A at T = 11.3 K.
The order parameter, as measured by the integrated in-
tensity, decreases below T.. We note here that though
the splitting of the peaks along the transverse direction
is not as clear above T, the fit parameters reveal that the
data is still best described by two peaks. They simply be-
come harder to resolve due to increased widths at higher
temperatures (see Fig. 2 in Supplementary Material).

The increasing correlation length below Tt is suggestive
of microscopic coexistence where CO exists throughout
the bulk and not just in phase segregated regions. Our
data do not, however, rule out the possibility that there
could be regions of LTT phase m, ] where the CO
correlations continue to grow in the SC state, even as
they are suppressed in the rest of the volume.

The thermal evolution of the parameters characteriz-
ing the charge order is reminiscent of that seen in YBCO
ﬂﬁ, ], and indicates competition between the supercon-
ducting and CO order parameters. One commonality is
the short range of the correlations in both the materials,
~55A in YBCO, and ~ 65 A in LSCO. Evidently, the
shorter correlations, coupled with the relatively higher
superconducting transition temperature as compared to
LBCO, do not allow the charge order to develop fully.
There is also the possibility that when charge stripe or-
der is pinned more strongly to the lattice in the LTT
phase, it is more disruptive to interplanar SC coherence,
and consequently suppresses SC more strongly.

To conclude, we have observed charge ordering in
LSCO with the characteristic in-plane wave-vector ro-
tated away from the crystal axes direction by ~ 2.7°.
The concomitant rotation of the elastic magnetic peaks
@] evinces a unique rotated charge spin stripe order



hitherto unseen in other cuprates. Whereas the off-axes
wave-vector sets LSCO apart, the thermal evolution of
the parameters characterizing the charge order and its
antagonistic coupling to superconductivity puts it firmly
on the same footing as the other cuprates. This com-
petition between the charge order and superconductivity
has been seen most clearly in the yttrium and bismuth-
based cuprates which do not show any static magnetic
order. Our results clearly demonstrate that charge and
spin stripe order, which so far have only been observed
in the 214 family, vies with superconductivity in much
the same way, suggesting a common motif of intertwined
electronic degrees of freedom possibly arising from the
same multi-component order parameter ].

Note added: After submission of this manuscript and
Ref. HE], charge order in Las_,Sr,CuO4 was also re-
ported in Ref. |51]].
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