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To explore the doping dependence of the recently discovered charge density wave (CDW) order in
YBa;CuzO,, we present a bulk-sensitive high-energy x-ray study for several oxygen concentrations,
including strongly underdoped YBa2CusOg.44. Combined with previous data around the so-called
1/8 doping, we show that bulk CDW order exists at least for hole concentrations (p) in the CuO2
planes of 0.078 <p<0.132. This implies that CDW order exists in close vicinity to the quantum
critical point for spin density wave (SDW) order. In contrast to the pseudogap temperature 7", the
onset temperature of CDW order decreases with underdoping to Tcpw ~ 90 K in YBa2CuszOe.44.
Together with a weakened order parameter this suggests a competition between CDW and SDW
orders. In addition, the CDW order in YBasCuzOg.44 shows the same type of competition with
superconductivity as a function of temperature and magnetic field as samples closer to p = 1/8.
At low p the CDW incommensurability continues the previously reported linear increasing trend
with underdoping. In the entire doping range the in-plane correlation length of the CDW order
in b axis direction depends only very weakly on the hole concentration, and appears independent
of the type and correlation length of the oxygen-chain order. The onset temperature of the CDW
order is remarkably close to a temperature 77 that marks the maximum of 1/(737T) in planar *Cu
NQR/NMR experiments, potentially indicating a response of the spin dynamics to the formation
of the CDW. Our discussion of these findings includes a detailed comparison to the charge stripe
order in Las_,Ba,CuQOy.

PACS numbers: 74.72.-h, 61.05.cp, 71.45.Lr, 74.25.Dw

I. INTRODUCTION

other La-based cuprates?32426-3! that are known to ex-

The recent observation of charge ordered ground states
in Y, Bi, La and Hg-based high temperature supercon-
ductors by nuclear magnetic resonance and x-ray scatter-
ing techniques, emphasizes the need to understand the
competition between these states and superconductivity
in underdoped cuprates.’ '? One of the outstanding ques-
tions is how these states are related to the Fermi sur-
face topology. Quantum oscillation experiments on the
archetypal bi-layer system YBasCuzOy (YBCO) indicate
a reconstruction of the large Fermi surface typical for
overdoped cuprates, into one with small Fermi pockets
near a hole concentrations of p ~ 1/8.1118 Similar quan-
tum oscillation measurements in a single-layer Hg-based
cuprate provide further evidence that Fermi pockets are a
common property around this so-called 1/8-anomaly.'%2°
A change from positive to negative Hall and Seebeck co-
efficients in YBCO around this doping region led to the
interpretation that the Fermi pocket must have electron
like character.?! 25 Negative Seebeck and Hall coefficients
are also observed in Laj g_,Eug2Sr,CuOy4 and several

hibit charge and spin-stripe order” 32743, This strongly
suggested that charge and/or spin order may exist in
YBCO as well.?123:24:33:44 Eyidence of charge order was
indeed revealed by NMR!, x-ray diffraction®34°47, and
ultrasound*® experiments. However, the identified wave
vectors have been linked to a charge density wave (CDW)
order from Fermi surface nesting rather than stripe or-
der. In both Bi- and Hg-based cuprates the ordering
wave vector was found to approximately match a nesting
vector that connects the tips of the Fermi arcs, providing
further support for a nesting scenario.?6:10:49

In spite of this tremendous progress, the connection be-
tween some of the observations remains unclear. Doping
experiments may thus provide a powerful tool for further
tests. Several recent studies on YBCO indicate a signif-
icant qualitative change of the electronic properties at a
critical doping of approximately p. ~ 0.08.14722:23,53-56
In particular, the absence of a negative Seebeck and
Hall effect below p. suggests a disappearance of the pro-
posed electron pocket, which has motivated explanations
in terms of a Lifshitz transition, i.e, a transition that in-



TABLE I. Characteristic properties of the studied YBa2CuszOy single crystals: oxygen content y, structure of oxygen-chain
order, superconducting transition temperature 7., hole content p, sample size, onset temperature Tcpw and incommensurability
0 at T. of the CDW order, resolution corrected correlation lengths &, of the CDW order and the chain order at T¢ in the
direction of the b axis. The & (CDW) value for y = 6.54 and the Tcpw values for y = 6.54, 6.67, and 6.75 were taken from Refs. 3
and 46. & (CDW) was measured at Q = (0, d,6.5). & (chain) was measured at Q = (0.5,0,6), (0.375,0,6), and (0.333,0,6.5)
for o-II, o-VIII, and o-III, respectively. For details related to the oxygen content y, oxygen order, and hole content p see

Refs. 50-52.

y in oxygen T, hole sample size Tepw 0p & (CDW) &p(chain)
YBCO order (K) contentp a x b x ¢ (mm?) (K) (r.lu.) (A) (A)
6.44 oIl 42 0078 145 x 1.68 x 046 90(15) 0.337(2) _ 51(7) 169(10)
6.512 oIl 59  0.096 22 x 146 x 0.25 145(10)  0.331(2)  61(7) 233(10)
6.54 oIl 58  0.104 31 x 19 x 0.16 155(10)  0.328(2)  66(7) -
6.67 oVIII 67  0.123 31 x 17 x 06 140(10)  0.315(2)  63(7) 138(10)
6.75 oIll 74  0.132 35 x 1.8 x 05 140(10)  0.305(4)  64(10) 116(10)
6.92 o-1 93 0.165 191 x 1.81 x 0.57 - - - -

22,23,57,58

volves a change of the Fermi surface topology.
The region below p. also exhibits a low temperature spin-
density-wave (SDW) order®®%° and an electronic liquid
crystal state at higher temperatures®®6!, which are rem-
iniscent of the spin stripe phase in La-based cuprates.®?
There is no obvious relationship between the SDW or-
der below p. and the CDW order above p.. In fact in
YBCO, magnetic excitations are gapped in the doping
region where quantum oscillations and CDW have been
observed so far.%3:54 This shows that a detailed knowledge
of the doping dependence of the CDW order is critical.
NMR and x-ray studies have identified charge order down
to approximately p = 0.104.2446 Hence, it is still an open
question how the CDW order evolves as the critical point
pe ~ 0.08 is approached.

Here we report a high energy x-ray diffraction study of
the CDW order in several YBCO single crystals, listed
in Tab. I. This includes two underdoped ortho-II YBCO
crystals with y = 6.44 and y = 6.512, as well as an op-
timally doped crystal with y = 6.92. While both un-
derdoped crystals exhibit CDW order, no evidence of
this order was found for y = 6.92. Much of the atten-
tion will concentrate on the results for y = 6.44, with
those for y = 6.512 being very similar to our previous
data for y = 6.54.46 The hole concentration®? of the
YBasCu3zOg.44 crystal is p ~ 0.078 and hence it is in
close vicinity to the above mentioned quantum critical
point for SDW order®, and the proposed Lifshitz tran-
sition??. The CDW order in that crystal is weakened
but significant and can be traced up to Tcpw ~ 90 K.
Upon cooling below T, the CDW reflection is partially
suppressed, but can be enhanced by a magnetic field ap-
plied perpendicular to the CuOs planes. The ordering
wave vector of the CDW in YBaoCuzOg 44 continues the
growing trend versus underdoping previously identified
around 1/8-doping.*°

Two further findings may shed light on the nature of
the CDW order in YBCO. First, its correlation length
& along the b axis, i.e., parallel to the chains, shows
no dependence on the oxygen order in the chain layers,
and varies only weakly as a function of doping, which

may indicate that local properties play a role. Second,
we find a remarkable agreement between the CDW onset
temperature Tepw and a temperature T below which
1/(TyT) decreases in planar 3Cu NQR/NMR experi-
ments.?%%5770 We argue that the opening of a CDW gap
may influence the planar Cu spin dynamics. The de-
rived phase diagrams strongly indicate that CDW or-
der not only competes with SC, but also with SDW or-
der. Finally, we discuss differences and similarities of
the CDW order in YBCO and the charge stripe order in
Las_,Ba,CuO4 (LBCO).

II. EXPERIMENTAL DETAILS

A detailed description of the synthesis of the six flux
grown YBCO single crystals with 6.44 < y < 6.92 (cf.
Tab. I) is given in Ref. 50. This includes the setting and
determination of the oxygen content y, the detwinning
procedure, and the oxygen vacancy ordering in the chain
layers. The hole concentration p in the CuOs planes is
a unique function of T, and the lattice parameter ¢, and
for detwinned and well oxygen ordered crystals also a
unique function of the oxygen content.’? Since our high
energy x-ray diffraction technique is not very well suited
for precision measurements of lattice constants, all p val-
ues were determined via the oxygen content and mea-
surements of T.. All crystals are ~99% detwinned and
have sharp SC transitions, indicating well-defined car-
rier concentrations. Examples of the SC transition are
shown in Fig. 1(d) for y = 6.44, 6.512, and 6.92. The
crystals with y = 6.54, 6.67, and 6.75 are the same as
in our previous studies in Refs. 3 and 46. The high en-
ergy x-ray diffraction experiments were carried out with
triple-axis instruments at beamline P07 at PETRA III,
DESY, and beamline 6-ID-D at the Advanced Photon
Source (APS) at Argonne National Laboratory. Beam-
line 6-ID-D is equipped with a Ge point detector and
P07 with a scintillation point detector. The beam size
varied between 0.5x0.5 and 1x1 mm?, and the photon
energy was set to Ep, = 80 keV. The rectangular crys-



tals, with dimensions listed in Tab. I, were mounted with
the (0, k, ¢) zone in the scattering plane, and studied in
bulk sensitive transmission geometry. We have used the
same SiGe gradient (111) analyzer crystal on all instru-
ments, resulting in approximately the same longitudinal
resolution. The transverse resolution is given by the mo-
saic of the single crystals, usually a few hundreds of a
degree, and therefore largely independent of the instru-
ment. Typical transverse resolution values are indicated
in Fig. 1(a) and Fig. 2(b), and are significantly smaller
than the width of the CDW peak. The resolution per-
pendicular to the scattering plane is determined by the
corresponding perpendicular opening of the detector slit,
and is kept at a value coarse enough to integrate a sub-
stantial part of the charge order peak in that direction.
The resolution is of course g-dependent. As an exam-
ple we mention here the values measured at 6-ID-D and
Q = (0,0,6), indicating a resolution of (0.013, 0.0028,
0.0094) r.L.u., which corresponds to (93, 440, 396) A in
real space. The signal to background ratio varied be-
tween 1/3 for the strongest CDW peak for y = 6.67 at T,
(corresponding to 1000 cts/3000 cts in 30 sec measured
for Q = (0,6p,6.5) at 6-ID-D with 0.5x0.5 mm? beam),
and about 1/20 for the weaker peaks such as for y = 6.44
at T' ~ 10 K. The counting time was adjusted accordingly
and varied between 30 and 180 sec/point. Compared to
LBCO, the background signal of YBCO is larger, while
the CDW peaks are broader with similar integrated in-
tensity, resulting in an overall lower signal to background
ratio for YBCO. Two different sample environments were
used: a closed cycle cryostat reaching T' ~ 7 K, and a
magnet cryostat allowing temperatures down to 3 K and
magnetic fields up to H = 10 T along the ¢ axis of the
crystals. Scattering vectors Q = (h, k,¢) are specified
in units of (27 /a,2m/b,27/c) of the orthorhombic unit
cell with space group Pmmm. The correlation lengths of
the CDW order and the oxygen-chain order in the direc-
tion of the b axis are defined by & = (HWHM x b*)~1,
where HWHM is the half-width at half-maximum of the
corresponding superstructure reflection. The results are
compared to our previously published work for y = 6.54,
6.67, and 6.75, obtained under similar or identical condi-
tions at beamlines BW5 at DORIS III, DESY, and P07.

III. RESULTS
A. Temperature dependence

The CDW order in YBCO leads to weak satellite re-
flections at wave vectors Q = 7 + qcpw where qopw =
(0a,0,0.5) and (0, dp,0.5) are the ordering wave vectors,
and 7T a fundamental Bragg reflection.® In Fig. 1(a,b) we
show k scans through the position Q = (0, &y, 6.5) for the
two ortho-II compositions y = 6.44 and 6.512 at different
temperatures. Both crystals clearly display a CDW re-
flection, which makes y = 6.44 the composition with the
currently lowest reported hole concentration with CDW

order. In contrast, no evidence of a CDW peak is ob-
served for y = 6.92 in Fig. 1(c) in the area of the esti-
mated peak position.

Recent x-ray diffraction studies (resonant*” and non-
resonant®) on ortho-II ordered YBCO crystals with
y ~ 6.54 revealed the existence of CDW reflections along
a* and b*. However, in both cases strongly anisotropic
structure factors are observed, with CDW satellites along
a* being generally sparser and weaker than along b*. In
addition the background from the tails of oxygen ordering
peaks is larger along a*. A similar situation is found for
the ortho-II crystal with y = 6.44. For the ortho-II crys-
tal with y = 6.512 no measurements of equivalent CDW
peaks in the (h,0,¢) zone have been conducted yet. In
this paper, we therefore focus on CDW reflections found
along b*.

As can be seen in Fig. 1(e) the temperature dependence
for zero magnetic field of the CDW peak intensity for y =
6.44 and 6.512 is similar to that previously reported for
higher dopings.?34647 In the normal state the intensity
grows smoothly upon cooling, reaches a maximum at 7z,
and then is substantially suppressed in the SC state. For
y = 6.44, this dependence was consistently measured at
Q = (0,6,6.5) and (0,2 + 95,6.5). A major difference
concerns the onset temperature Topw ~ 90 K of the
CDW order for y = 6.44, which is about 50 K lower
than for y > 6.512.%6 Finally, in Fig. 1(f) we show that
the incommensurability d; for y = 6.44 and 6.512 fits well
into the existing doping dependence and is approximately
independent of temperature for all y.

B. Doping dependence

Next we turn to the doping dependence of the CDW
order for zero magnetic field in Fig. 2. For all sam-
ples, scans were performed on the CDW reflection Q =
(0,85,6.5). Because 6.5¢* > §pb*, scans along k bene-
fit from the excellent transverse resolution indicated in
Fig. 2(b). After lining up on the nearest Bragg reflec-
tion (0,0,6), it is thus straightforward to measure the
incommensurability d;, and the correlation lengths &, of
the CDW order with high accuracy; see inset of Fig. 1(f)
and Fig. 4(d,e). On the other hand, it is much harder
to extract the doping dependence of intensities. For this
purpose, we have remeasured five samples — all mounted
on the same sample holder — in a single experiment. The
data were normalized in two different ways which led to
very similar results: (i) a direct normalization of all in-
tensities by the incident x-ray flux, probed sample vol-
ume, and absorption effects; and (ii) a normalization by
the integrated intensity of the (0,0,2) Bragg reflection™,
which accounts for the same factors as (i) and is shown
in Fig. 2.

For conventional CDW systems, the resulting inte-
grated intensities, I, are proportional to the square of
the CDW order parameter A, ie., vI o« A(CDW).™
We would like to normalize A(CDW) so that its max-
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FIG. 1. (color online) Temperature dependence of the CDW order in YBCO. (a,b) k scans at zero magnetic field through
Q = (0,65,6.5) for ortho-1I crystals with y = 6.44 and 6.512, showing that the CDW order vanishes into the background
noise at T' ~ 90 K and ~145 K, respectively. Solid lines are least-squares fits using a Gaussian line shape. Vertical dashed
lines indicate the incommensurability d,. (c) k scans for the optimally doped crystal with y = 6.92 reveal no evidence of a
CDW peak. The dashed line in (c) indicates an estimated CDW peak position based on a linear extrapolation of the doping
dependence d(y) in Fig. 4(d). Sloping backgrounds have been subtracted from all scans that are shifted vertically for clarity.
The red horizontal bar in (a) at T'= 8 K indicates a typical transverse resolution full width at half maximum. (d) Normalized
diamagnetic susceptibility of the three crystals, showing sharp SC transitions; see Table I. (e) Normalized intensity of the
CDW reflections at Q = (0, 0y, 6.5) and (0,2 + 5, 6.5) versus temperature at zero magnetic field (H = 0 T) for y = 6.44 and
6.512, as well as at H = 10 T for y = 6.44. (f) J, versus temperature for five different dopings. The data sets are limited
to temperatures where &, could be reliably determined. The inset shows a section of the reciprocal space (0, k,¢) with the
trajectories of typical k scans through the CDW peaks at Q = (0, 0y, 6.5) and (0,2 + dp,6.5). Data collected at beamline POT:
(a) all, (e) all of H = 107" and some of H = 0T for y = 6.44, (f) some for y = 6.44. Data collected at beamline 6-ID-D: (b)
all, (c) all, (e) some of H = 0T for y = 6.44 and all for y = 6.51, (f) some for y = 6.44 and all for y = 6.51. Data collected at
beamline BW5: (f) all for y = 6.54, 6.67, and 6.75. Solid lines in (e,f) are guides to the eye.

imum value in the YBCO system is 1. Due to the andT ~ T.(p)as wellasT ~ 10 K are plotted in Fig. 4(c)

competition with superconductivity, the zero field, zero
temperature value of A(CDW) is less than 1 for all
y. However, in the limit 77 — 0 and in a magnetic
field H approaching the upper critical field H.o, it is
conceivable to assume A(CDW) ~ 1. For ortho-VIII
YBCO with p = 0.123, CDW intensities have been mea-
sured up to 17 Tesla.? This field scale is comparable to
H., ~ 25 T reported for this doping.”> 7" The quan-
tity /I(p, T, H)/\/I(p = 0.123,2 K, 17 T) is therefore a
good approximation of the doping, temperature, and
magnetic field dependence of A(CDW).

The extracted A(CDW) values at zero magnetic field

versus hole content p. One can see that A(CDW) exhibits
a broad maximum at 1/8-doping, and at T, reaches about
75% of its high field value at 2 K.* As a function of
underdoping A(CDW) drops further to about 50% at T,
and 28% at 10 K at the critical point p. ~ 0.08.

Although this clear weakening of the CDW order, as
the SDW phase is approached, suggests a competition be-
tween the two phases, the data do not support a complete
disappearance of CDW order at p.. Instead, it suggests a
region below p, where CDW and SDW orders may over-
lap. To demonstrate this, Fig. 4(c) also shows the volume
fraction of the SDW order measured by uSR.™® At the
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FIG. 2. (color online) Doping dependence in zero magnetic field of the CDW peak intensity in YBCO. (a-e) k scans at T ~ T.(y)
(circles) and T' ~ 10 K (squares) through the CDW reflection Q = (0, ds,6.5) for the oxygen concentrations y = 6.44, 6.512,
6.67, 6.75, and 6.92. All intensities are displayed after background subtraction and careful normalization to reflect changes
as a function of doping (see text for details). Solid lines through the peaks are least-squares fits using a Gaussian line shape.
The horizontal bar in (b) indicates a typical resolution (full width at half maximum). The arrow in (d) marks the position of
a subtracted peak from the ortho-1II oxygen order in the minority twin domain, which is responsible for the lower statistics
in that area. The arrow in (e) shows an estimated CDW peak position as explained in Fig. 1. Examples of data including
background counts are given in Refs. 3 and 46. All data in this figure were collected at beamline 6-ID-D.

hole content of our YBasCuszOg 44 crystal the uSR data
suggest a magnetically ordered volume fraction of 25%.
The true extent of the overlap depends of course sensi-
tively on the accuracy to which the doping concentration
p is determined for the uSR and x-ray experiments. Fur-
thermore, it is well known that the lack of perfect oxygen
order at such low oxygen concentrations results in weak
sample inhomogeneity.%5!

A question is therefore whether the weak CDW order
in YBayCu30Og.44 originates from regions with p > 0.078
due to inhomogeneity of the hole concentration. There
are several facts that speak against this scenario. As can
be seen in Fig. 1(e) the CDW intensity peaks right at
T. = 42 K. This implies that CDW and SC compete in
those parts of the sample where T, = 42 K and, therefore,
p ~ 0.078. We arrive at the same conclusion based on
the doping dependence of the incommensurability &, in
Fig. 1(f) and Fig. 4(d). The fact that ¢, in YBasCuzOg_.44
continues the approximately linear doping trend already
reported in Ref. 46 proves that, in those regions with
CDW order, p must be close to the estimated value. Fi-
nally, Fig. 4(e) shows the correlation length &, measured
at T' ~ T,.. Obviously, &, varies only weakly with doping.
Although &, for y = 0.44 is slightly lower than for dopings
closer to p = 1/8, we would expect it to be significantly
shorter, if the CDW order were a minority phase. All
factors taken together, we conclude that CDW order in
YBasCu3Og .44 is not a result of sample inhomogeneity.
Thus, we have demonstrated that intrinsic CDW order
exists all the way down to the lower quantum critical
point at p., where it touches and potentially overlaps
with the competing SDW phase.?®

C. Magnetic field dependence

When suppressing SC with a magnetic field of H =
10 T applied along the ¢ axis, a significant enhancement
of the CDW peak is achieved, as is shown in Fig. 1(e)
for y = 6.44. The slight drop in intensity below 25 K
reflects the fact that 10 T is below the critical field H .o
for y = 6.44 and, thus, insufficient to fully suppress SC.77
This high field T-dependence is very similar to previous
observations near 1/8-doping.>*547 To compare the dop-
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FIG. 3. (color online) Magnetic field effect on the CDW peak
intensity in YBCO at base temperature for concentrations
y = 6.44, 6.512, and 6.67. (a-c) k scans at H = 0 and 10 T
through Q = (0, ds,6.5). For each doping scans have been
normalized by the maximum peak intensity in zero magnetic
field. Solid lines are least-squares fits using a Gaussian line
shape. Sloping backgrounds have been subtracted from all
scans. In (a) error bars are within symbol size. All data in
this figure were collected at beamline P07.
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FIG. 4. (color online) Comparison of CDW order in YBCO with charge stripe order in LBCO as a function of planar hole
concentration p for zero magnetic field. (a) Superconducting transition temperature 7, and (b) suppression of T, through
1/8-effect for YBCO from this work (circles) and Ref. 52 (green lines), and for LBCO from Ref. 79 (diamonds) and Ref. 39
(squares). The dashed gray line in (a) for LBCO is a cubic fit®" of T.(p) outside the 1/8-region to describe the envelope of
the SC dome, while the solid line includes a Gaussian term to account for the 1/8-anomaly. (c) The right ordinate shows the
CDW order parameter A(CDW) in YBCO measured at Q = (0, &, 6.5) in zero magnetic field, and normalized to the high-field
low-temperature value of the ortho-VIII crystal with y = 6.67 (see text for details). Red circles were measured at T' ~ T¢(p), and
red diamonds at 7' ~ 10 K. The solid and dashed red lines are guides to the eye. The left ordinate represents the SDW volume
fraction measured by uSR (closed blue circles).” Gray squares indicate the charge stripe order parameter A(stripe) in LBCO
measured with x-rays in zero magnetic field at 7'~ 3 K.®' The horizonal dashed line indicates an approximate detection limit
for the high energy x-ray diffraction experiment. We note that panel (c) does not compare the absolute strength of the charge
orders in YBCO and LBCO. It compares the order parameters of each of the two systems relative to their individual maximum
possible order at 1/8-doping. (d) CDW incommensurability d,(CDW) in YBCO measured at 7" ~ T.(p) and Q = (0, &, 6.5)
(red circles) as well as data from Ref. 46 (red triangles). Gray squares indicate the charge stripe incommensurability (stripe)
in LBCO.*#! (e) CDW correlation length &,(CDW) in YBCO measured at T ~ T.(p) and Q = (0,8, 6.5) (red circles), and
stripe correlation length &(stripe) in LBCO3® at T ~ 3 K (gray squares). The resolution has been deconvolved, although it
is basically negligible; see Fig. 2(b) and Tab. I. The inset shows & (CDW) of the CDW order versus &,(chain) of the oxygen
order, both measured in direction of the b axis. (d,e) The data for §,(CDW) and & (CDW) are average values obtained from
measurements of the same peak Q = (0, dy, 6.5) in several beam times; see Tab. 1.

ing dependence of the field effect, we show in Fig. 3 data IV. DISCUSSION
for the oxygen concentrations y = 6.44, 6.512, and 6.67
at T'=3 Kand H = 0 and 10 T. All scans were per-
formed at Q = (0, d,6.5), and have been normalized by
the peak intensities in zero field. Independent of the hole

A. Competing CDW and SDW orders near p.

content, the application of 10 T along the ¢ axis enhances The underdoped part of the YBCO phase diagram is
the CDW peak by a factor of 2.5 to 3. On an absolute complex and interesting because several electronic phases
scale as in Fig. 2 this means that gains are most signif- co-exist with superconductivity; see Fig 5. The SDW
icant for p ~ 1/8. This seems to correlate with the fact order identified by neutron scattering for dopings just
that H.o is minimum at p =1/ 8.77 above the critical concentration p ~ 0.05 of the anti-

ferromagnetic phase, vanishes again in vicinity of the
quantum critical point p. ~ 0.08.°> We note that p, is



well inside the SC dome as well as the ortho-II phase,
which both set in at p ~ 0.05 (y ~ 6.3).145L82 For
p > p. superconductivity was shown to compete with
CDW order.! 44548 In approximately the same doping
region centered at p ~ 1/8, quantum oscillation exper-
iments'®!%1% in concert with high-field Hall and ther-
mopower meastrements2>24 were interpreted in terms of
an electron pocket. So far, CDW order is the most nat-
ural explanation for a Fermi surface reconstruction that
produces these pockets.!+18:83

To make further progress it is obviously critical to un-
derstand the region around p. where CDW crosses over
to SDW. If CDW order is connected to the presence of
electron pockets, one would naively expect it to weaken
significantly across p.. Our results would support such a
scenario. First, the data for y = 6.44 and 6.512 confirm
that CDW order evolves systematically with underdop-
ing, and persists all the way to p. ~ 0.08. Second, the
CDW order for y = 6.44 is weakened, although not as
drastically as we had expected, and the onset tempera-
ture Tepw is substantially reduced. Derived phase dia-
grams of both the order parameters in Fig. 4(c), and the
onset temperatures in Fig. 5 strongly indicate a competi-
tion between SDW and CDW phases, which may include
a not insignificant region of coexistence. This suggests
that the proposed Lifshitz transition at p. may occur
when the CDW order weakens through phase competi-
tion.

B. CDW onset temperature

The decrease of Tcpw with underdoping is an impor-
tant observation, because other characteristic tempera-
tures in the underdoped regime, especially the pseudo-
gap temperature T, appear to continue to increase with
underdoping.1%:22:84-88 Ty identify properties potentially
connected to the CDW order, Fig. 5 shows a critical tem-
perature 7' that marks a broad maximum in the 1/(7}7)
signal of planar %3Cu NQR/NMR experiments.?:6>-70
The agreement between Tcpw and 7T is very suggestive.
This NQR/NMR feature at T is characteristic for sam-
ples in the pseudogap phase where T, < Tt < T*. Tt is
apparent that 7T decreases with underdoping, too. The
origin of T'! is a matter of debate, but common interpre-
tations involve the onset of spin freezing, and a gapping of
the low energy spin fluctuations by the pseudogap or by
incoherent pairing in the normal state.56:63:68:89.90 With
respect to the incoherent pairing scenario, it is worth
noticing yet another property that shares a similar dop-
ing dependence as Tcpw and TT, and that is the on-
set temperature reported in Ref. 91 of so called precur-
sor diamagnetism? in the static magnetic susceptibility
X(T) of YBCO for H || ¢. The discovery of CDW or-
der surrounding the 1/8-anomaly introduces important
aspects to this debate. In particular, the peak in the re-
laxation the NMR may indicate a response of the spin dy-
namics to the formation of the CDW. Associated effects

T T T T
250 - % -
% :
200 F —
2 ELC(NS>
m % CDW(XRD)
g
2 150
o
g i
g T(NMR)
o
= 100 - -
2 T
5 b %
50 Tsow(NS) J(NMR) .
% %
0 1 1 1 1 1
0 20 40 60 80 100
T, K
FIG. 5. (color online) Critical temperatures of competing

spin and charge orders in YBCO as a function of 7. By plot-
ting all data versus 7., ambiguities of plots versus the planar
hole content p, due to different ways and difficulties of deter-
mining p, can be reduced.’® We show the transition tempera-
tures Tcpw of CDW order measured by high energy x-rays>46
(closed circles) and soft x-ray scattering®?™%® (open circles),
Tco of charge order detected by high field NMR>%® and high
field sound velocity (vs) measurements*®, T determined from
the maximum in 1/(T1T) of planar **Cu NQR/NMR as ex-
plained in the text®®%*°® (open diamond), the pseudo gap
temperature 7™ as detected by means of Nernst effect (open
triangle) and resonant ultrasound measurements®”®® (closed
triangle), Tspw of SDW order (closed blue square) and Trrc
of a so called electronic liquid crystal state as determined by
neutron scattering® % (open blue square). 7. is indicated by
a dashed line. All solid lines are guides to the eye.

on static magnetic susceptibility and electronic transport
coefficients are likely. More work is certainly needed to
elucidate such connections. It should be noted that vari-
ous comparisons of Tcpw to other critical temperatures
have been reported.310:22,88,93

C. CDW order in YBCO vs stripe order in LBCO
1. Order parameter and incommensurability

The striking similarity of the thermopower response
found in YBCO and stripe ordered La-based cuprates
suggests that a reconstruction of the Fermi surface into
one with small electron pockets may be a universal fea-
ture of charge ordered cuprates.?3293! It is therefore in-
teresting to compare the doping evolution of the charge
orders in YBCO and the prototypical stripe compound
LBCO.398L94 T this end, Fig. 4(a) displays T.(p) of
both systems, clearly showing the well-known suppres-



sion of T, near 1/8-doping.3%52™ To quantify the 1/8-
anomaly in YBCO, the authors of Ref. 52 have sub-
tracted T.(p) from a fit of the envelope of the supercon-
ducting dome. Here we do the same for LBCO and plot
the difference AT, (p) for both systems in Fig. 4(b).50 Be-
side the remarkable fact that in both systems the width
of the 1/8-anomaly is the same, one can see that LBCO
compared to YBCO shows a stronger suppression of T.
This agrees well with the fact that LBCO also shows the
larger charge order parameter; see Fig. 4(c). At 1/8-
doping charge stripe order in LBCO is already fully de-
veloped in zero magnetic field®?®!, while in YBCO the
zero-field CDW order is incomplete and, thus, SC not
fully suppressed??:52,

The different doping dependence in YBCO and LBCO
of the charge order incommensurability has already been
pointed out® but is repeated in Fig. 4(d) to put the
new values for y = 6.44 and 6.512 into perspective. One
can see that §,(CDW) continues the approximately lin-
ear doping trend around 1/8-doping all the way down
to p = 0.078. In the stripe phase the incommensurabil-
ities of the charge and spin orders are coupled, whereas
those of the CDW and SDW orders in YBCO seem to
be unrelated.3%4647 If one considers the doping depen-
dence of 6,(SDW) of the SDW order in YBCO, it appears
that this order might actually be a relative of the stripe
order in La-based cuprates.®®52 In this respect it is in-
teresting that Zn doping in YBCO causes a weakening
of the CDW state (and as a matter of fact a suppression
of the broad maximum of 1/(TyT) in the planar 3Cu
NQR/NMR?:%) as well as the reappearance of a SDW
state at dopings p ~ 1/8.4797 This shows that the CDW
and SDW orders not only compete with SC, but also with
each other. The results for the hole doping dependence
of the SDW and CDW phases near p. in Fig. 4(c) and
Fig. 5 support the same idea.

2. Correlation length

Another interesting difference between YBCO and
LBCO concerns the doping dependence of the in-plane
charge order correlation length £. As can be seen in
Fig. 4(e) the correlation length of the charge stripe or-
der in Las_,Ba,CuO,4 exhibits a pronounced maximum
at p = 1/8 of &(stripe) ~ 180 A, but drops rapidly
by a factor of three within a 3% variation of p. In
contrast, in YBCO the correlation length &(CDW) at
T ~ T.(p) is always quite short and varies only weakly
for 0.078 < p < 0.132. Moreover, & (CDW) appears to be
independent of the type of oxygen order (ortho-II, VIII,
or IIT), and also independent of the correlation length
&p(chain) of the oxygen chain order measured in the same
direction b*; see inset in Fig. 4(e). One could argue
that the type of oxygen order should have little effect on
& (CDW), because it only affects the way the chains are
arranged along a*. However, a recent study also finds no
effect of the oxygen order on the CDW correlation length

along a*.%8 A weak maximum of £(CDW) at p ~ 0.12 has
been indicated in Ref. 10, which is less apparent from our
data set where each point was obtained in an identical
way. At an average we find &(CDW) ~ 60 A at T,
which is comparable to {(stripe) in LBCO far away from
1/8-doping. Similar correlation lengths have been found
in several soft x-ray studies on YBCO, with a weak ten-
dency toward slightly larger values, which may be due to
the smaller probed sample volume.?47:94:99

The situation is comparable at base temperature in
the SC state and zero magnetic field, because & (CDW)
does not change significantly below T¢, as can be seen
in Fig. 1(a,b) and several other studies.>*47 Only when
suppressing superconductivity with a magnetic field, can
& (CDW) be increased below T.. Nevertheless, even for
p ~ 1/8 and almost complete suppression of supercon-
ductivity, &(CDW) does not exceed ~ 100 A3 On the
one hand this shows that the coexistence with super-
conductivity is one of the factors that limit &(CDW)
in YBCO. On the other hand, the independence of
& (CDW) from the chain superstructures may indicate
that local physics plays an important role as well, as will
be discussed below.

D. CDW order and oxygen chain order

The above differences between the charge order super-
structures in LBCO and YBCO are not unexpected be-
cause of the materials’ distinct crystal structures. The
absence of chain layers in La-214 materials is certainly
the most important difference. In YBCO these chains in-
troduce an orthorhombic distortion that breaks the four-
fold rotational symmetry of the CuOs planes, which in
itself could stabilize a charge order.833:45:61,100 Thig jg
quite similar to LBCO where charge stripe order is most
stable in the low-temperature tetragonal (LTT) phase
which breaks the rotational symmetry of the individ-
ual planes as well.33%101 Interestingly, the correlation
length £(stripe) of the charge stripe order in LBCO ap-
pears unrelated to £(LTT) of the LTT phase.!'% Here
we have shown that the same is true for &(CDW) and
& (chain) in YBCO; cf. Fig. 4(e). In both systems charge
order does not seem to couple in a simple way to the
long range structure that breaks the rotational symme-
try. In fact, in LBCO with p = 0.125 charge stripes even
form when the long range ordered LTT phase is absent,
i.e., by restoring a four-fold rotational symmetry of the
planes at high pressures.'®" In this high-symmetry phase
it was found that {(stripe) actually matches £(LTT) of
persisting diffuse peaks from a quenched disorder of local
LTT-type distortions.'00:102

Therefore, one might speculate whether in YBCO the
CDW order in the planes couples to local rather than long
range properties of the chains. In general a coupling of
the electronic correlations in the planes and the chains
has been a matter of intense debate.56:98:99:1037107 Qe of
the reasons is that the chains are prone to 1D like Peierls



instabilities.'®® In fact several scanning tunneling mi-

croscopy (STM) studies have identified a modulation of
the local density of states along the chains, i.e., along the
b axis.'03:109 In agreement with that, a recent soft x-ray
angle-resolved photoemission spectroscopy (SX-ARPES)
experiment detected a gapped surface chain band whose
nesting vector matches the modulation wave vector found
by STM.'? Comparing our bulk sensitive x-ray data re-
sults to these surface related observations is not straight-
forward, since the chain layer at the surface is known to
be heavily overdoped.'!! However, both the modulation
period (~9-14 A) and the correlation length (~ 40 A) re-
ported by STM and SX-ARPES studies'?3:109:110 are in-
triguingly close to our values for §,(CDW) and &,(CDW)
in Fig. 4. Common interpretations of the charge modu-
lations on the chains are Friedel oscillations!31%9 caused
by chain defects, and a Peierls-like CDW instability!!°.
The correlation length of the Friedel oscillations, being
a local perturbation, may not depend strongly on hole
doping or &,(chain). Thus, the almost independence of
& (CDW) observed in our x-ray study is at least not in-
consistent with a pinning of the planar CDW order to
quenched disorder states on the chains.'®” A recent NMR
study arrives at similar conclusions.'®® This discussion
shows that both scenarios, a coupling of the planar CDW
order to the symmetry breaking potential of well ordered
chains, as well as to local chain properties deserve further
consideration.

V. CONCLUSIONS

In summary, we have identified CDW order in under-
doped YBCO with y = 6.44 and 6.512 using high energy
x-ray diffraction. Strong emphasis was placed on the
first sample with a hole content p = 0.078 that is very
close to the critical point p.. The CDW of this crystal
shows the same competition with superconductivity as
a function of temperature and magnetic field as previ-
ously reported around p = 1/8 doping.?>4547 However,
onset temperature and order parameter of the CDW or-
der are significantly reduced. This implies that CDW
also competes with the SDW phase, which becomes the
dominant state competing with superconductivity below
pe ~ 0.08.%% A detailed comparison of the doping depen-
dence of the CDW order in YBCO and the charge stripe
order in LBCO is presented. One striking difference is
that the correlation length of the CDW order is relatively
short (~ 60 A) and almost independent of p, whereas in
the case of charge stripe order it shows a pronounced
maximum reaching ~ 180 A at p = 1/8.3% Among poten-
tial scenarios we consider a coupling between the CDW

order in the planes and local states in the chains.!03:110

Furthermore, we find an interesting agreement between
the CDW onset temperature and a temperature in nu-
clear resonance experiments that marks a maximum in
the planar relaxation rate.?®%%6% We argue that the max-
imum may indicate a response of the low energy spin
fluctuations to the formation of the CDW. When plotted
versus a common 7.-scale, our results for YBasCuzOg.44
with T, = 42 K are still slightly above the highest-T.
sample (35 K) with confirmed SDW order,? and slightly
below the lowest-7T, samples with gapped magnetic ex-
citations (48 K)% and quantum oscillations (54 K)'2.
This clearly emphasizes that additional doping experi-
ments around p, are needed to unambiguously determine
the relationship between the various competing or coex-
isting states. Based on our current data, the CDW phase
in YBCO exists in a broad doping region which largely
overlaps with that characterized by negative transport
coefficients and quantum oscillations, thus providing ad-
ditional support for a potential connection between CDW
order and electron like Fermi pockets.?223:112 The only
discrepancy is found near p., where our data are not in-
consistent with a region in which CDW and SDW may co-
exist, while the negative transport coefficients and quan-
tum oscillations have been reported to disappear.??-23:112
Although this needs further clarification, the latter prop-
erties could be suppressed more strongly by the SDW
phase, in particular since they are measured in very high
magnetic fields that enhance the SDW order, and may
shift p. to a slightly higher value.?*

Note added: After completion of this work we became
aware of a similar study of the CDW order in YBCO with
soft x-ray scattering by Blanco-Canosa et al.!13
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