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Momentum-Dependent Charge Correlations in YBa,Cu;0¢4, 5 Superconductors Probed
by Resonant X-Ray Scattering: Evidence for Three Competing Phases
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We use resonant x-ray scattering to determine the momentum-dependent charge correlations in
YBa,Cu;0¢ 55 samples with highly ordered chain arrays of oxygen acceptors (ortho-II structure). The
results reveal nearly critical, biaxial charge density wave (CDW) correlations at in-plane wave vectors
(0.315, 0) and (0, 0.325). The corresponding scattering intensity exhibits a strong uniaxial anisotropy. The
CDW amplitude and correlation length are enhanced as superconductivity is weakened by an external
magnetic field. Analogous experiments are carried out on a YBa,Cu;Og ¢ crystal with a dilute concen-
tration of spinless (Zn) impurities, which had earlier been shown to nucleate incommensurate magnetic
order. Compared to pristine crystals with the same doping level, the CDW amplitude and correlation
length are found to be strongly reduced. These results indicate a three-phase competition between spin-

modulated, charge-modulated, and superconducting states in underdoped YBa,Cu;0q 5.

DOI: 10.1103/PhysRevLett.110.187001

High-temperature superconductivity in cuprates arises
from doping of charge carriers into Mott insulators with
antiferromagnetically ordered CuO, planes [1]. At suffi-
ciently high density, the carriers screen out the random
potential created by the donor or acceptor atoms and
generate a uniform metallic state out of which supercon-
ductivity emerges. In underdoped cuprates, however, the
screening is less effective, and the role of materials-specific
disorder in the formation of the unusual spin and/or charge
textures observed in this regime of the phase diagram has
been a subject of long-standing debate [2—-16]. Recent
research on the stoichiometric underdoped compounds
YBa,Cu;0q4 5 and YBa,Cu,Og has provided new perspec-
tives for the resolution of the influence of disorder on the
electronic phase behavior of underdoped cuprates. In these
materials, the oxygen acceptors are arranged in ordered
chains rather than placed randomly in the crystal lattice so
that chemical and structural disorder is minimized [17].
The results of recent quantum oscillation experiments
[18-20] in high magnetic fields indicate a reconstruction
of the Fermi surface by a long-range electronic superstruc-
ture [21-23]. This discovery has sparked another intense
debate on the nature of the high-field ordering and its
relation to the “pseudogap” observed in these and other
underdoped cuprates [24] above the superconducting tran-
sition temperature 7, in the absence of external fields. The
pseudogap, in turn, is intimately related to the supercon-
ducting gap, and an explanation of its origin is considered
an essential element of any theory of high-temperature
superconductivity.

Whereas research on YBa,Cu,Og has been limited,
because only small crystals are available and the doping
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level cannot be varied in a straightforward manner,
YBa,CusOgs is a member of the extensively studied
YBa,CuzOg¢+ 5 (YBCOg. 5, 123) family, where the concen-
tration of mobile holes in the CuO, layers can be controlled
via the oxygen content 6. It was recently shown that
compounds with 6 ~ 0.5, which are in the focus of current
attention because of their minimal disorder and high-field
quantum oscillations, mark the boundary between two
fundamentally different regimes of the phase diagram
[25,26]. For 6 < 0.5, uniaxial incommensurate magnetic
order forms gradually upon cooling and coexists with
superconductivity at low temperatures [2,27]. Unlike the
well-known “striped” state in the (La, Nd, Eu),_, X
(Ba, Sr),,CuQy (214) family [5,10-14], which encompasses
both spin and charge degrees of freedom, a corresponding
charge modulation has not been found in the low-doping
regime of YBCOg., 5. For 6 > 0.5, on the other hand, static
magnetic order disappears, and the magnetic excitation
spectrum determined by neutron scattering exhibits a large
spin gap [28]. Recent resonant [29,30] and nonresonant
[31] x-ray diffraction experiments on samples in this dop-
ing regime have revealed nearly critical, biaxial charge
density wave (CDW) correlations. High-field nuclear mag-
netic resonance (NMR) experiments [32] for 6 ~ 0.5 have
been interpreted in terms of a uniaxial commensurate
charge-ordered state akin to the commensurate striped state
observed in the 214 family for x = 1/8 [10-14], which is
incompatible with the wave vector extracted from the x-ray
experiments at higher 6. Since neutron or x-ray scattering
evidence for spin or charge modulations has not yet been
reported for YBCOg 5 samples with well-ordered arrays of
alternating full and empty oxygen chains (“‘ortho-II"
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structure), the origin of this discrepancy—and hence the
spin and/or charge modulation pattern that generates
the Fermi surface reconstruction [19,22]—have remained
unresolved. In particular, the influence of random disor-
der created by oxygen defects in samples with off-
stoichiometric composition (6 # 0.5) on the electronic
phase behavior has yet to be clarified.

In order to address these issues, we have carried out com-
plementary resonant x-ray scattering (RXS) experiments on
fully untwinned, stoichiometric, highly ortho-II ordered
YBCOg 55 single crystals with minimal chemical and struc-
tural disorder and on untwinned YBCOg ¢ crystals in which a
controlled amount of disorder was generated by replacing
magnetic copper ions in the CuO, planes by spinless
(Zn) impurities. Single crystals of YBCOg 55 (T, = 61 K),
YBCOgq (T, =61K), and YBay(CugggZng)30466
(YBCOg:Zn, T, = 32 K) were synthesized by a self-flux
method following previous reports [2,27,33]. The oxygen
content was controlled by annealing in well-defined oxygen
partial pressure, and the c-axis lattice parameters were used to
determine the hole-doping levels [34,35]. The ortho-II sample
was prepared following the procedure given in Ref. [17], and
the oxygen content was estimated as 6.55 = 0.01. All crystals
were mechanically detwinned by heating under uniaxial
stress. Zero-field RXS measurements were performed in the
UHV diffractometer at the UE46-PGM1 beam line of the
Helmholtz-Zentrum Berlin at BESSY II, with the electric field
of the photons perpendicular to the scattering plane. Magnetic
field dependent measurements (up to 6 T) were performed in
the high-field diffractometer at the same beam line. The field
was applied at an angle of 11.5° to the c axis, that is, nearly
perpendicular to the CuO, planes. The data analysis was
performed by subtracting a background measured at tempera-
ture T = 160 K for each scan and fitting to Lorentzian func-
tions. The background was seen to be independent of applied
magnetic field. The components of the momentum transfer
Q = (H, K, L) are quoted in reciprocal lattice units (r.L.u.) of
the orthorhombic crystal structure. The YBCOg 55 crystals
show half-order peaks at Q = (0.5,0, L) with correlation
lengths ~100 A, as determined by hard x-ray diffraction.

Figure 1(a) shows the scattered intensity along the (H, 0,
0) direction of reciprocal space (perpendicular to the oxy-
gen chains) for several incident photon energies at 7 = T,
in YBCOgss. The intense peak seen for H = 0.5 at the
L-absorption edge of the Cu* ions in the oxygen chains
(photon energy 933 eV) corresponds to the ortho-1I super-
lattice peak [30,36]. The strong azimuthal dependence of
the Bragg intensity confirmed the good orientation of the
crystal. The peak is not present above the background level
along the (0, K, 0) direction, confirming the high detwin-
ning ratio of our sample. The intensity of the half-order
peak decreases strongly when tuning the energy to the in-
plane Cu?* L5 edge, where we now observe a weak feature
at incommensurate in-plane momentum (g, 0) with g; =
0.315 [931.5 eV, inset Fig. 1(a)]. Unlike the ortho-II struc-
tural peak, rotations of *£3 degrees around the (0, 0, 1)
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FIG. 1 (color online). (a) Scan along the (H, 0, 0) direction for
an ortho-II ordered YBCOgs5 crystal with 7. = 61 K. The
intensity of the half-order peak is higher at photon energy
933 eV (resonant conditions for Cu® in the CuO chains).
Inset: Zoom in around 0.3 r.l.u. showing a weak CDW peak
resonating at 931.5 eV. The corresponding L value is ~1.45,
close to the peak maximum, L = 1.5 [31], which is outside the
Ewald sphere at this photon energy. (b) Anisotropy of the CDW
correlations, as revealed by comparing H and K scans. Inset:
Temperature dependence (raw data) of the CDW along (0, K, 0).
The sloping background is due to the grazing-incidence scatter-
ing geometry. Temperature dependence of (c) the integrated
intensities and (d) the FWHM of the CDW peaks along H and
K. Dashed lines indicate T..

direction do not modify the intensity of the charge peak,
indicating weaker transverse correlation for this feature.
As in previous RXS data on the 123 and 214 families
[9-13,29,30], the energy and polarization dependence of
the incommensurate peak (not shown here) confirm that it
arises from a charge modulation in the CuO, planes
[29,30]. Its intensity and correlation length peak at T =
T, [see Figs. 1(c) and 1(d)] indicating that the charge
modulation competes with superconductivity, as it does
at higher doping levels [29-31]. The low intensity of the
feature, which is barely visible above the background,
might be responsible for the previously reported null
results for samples in the same doping range [29,36].

As seen in Fig. 1(b), a peak is also clearly visible along
the (0, K, 0) direction for K = g, = 0.325. The figure
shows that ¢, is larger than ¢, and that the amplitude of
the corresponding peak exceeds the one along the H direc-
tion by about a factor of 4. The correlation lengths &, ;) =
(a, b)/ (7 * FWHM) (where a and b are the in-plane lattice
parameters, and FWHM is the full with at half maximum of
the Lorentzian profile) deduced from these measurements
are also different: £, ~ 48 A, and &, ~ 82 A. The latter
value is larger than the correlation lengths reported earlier
for both H and K directions in YBCOgq (& ~ 60 A,
Ref. [29]) and YBCOg 5 (¢ ~ 40 A, Ref. [30]), probably
as a consequence of the larger average oxygen chain length
in the well-ordered ortho-II structure.
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Prior NMR [32] and quantum oscillation [19] experi-
ments on samples similar to ours were performed in very
high magnetic fields, sufficient to completely suppress
superconducting long-range order. Even though it is not
technically possible to date to apply such high fields in
RXS experiments, the behavior of the observed features in
the lower fields that are already available is instructive
(Fig. 2). Below T., the integrated intensity of the peak
increases linearly with field for both H and K directions, in
agreement with previous hard x-ray work on ortho-VIII
YBCOg4; [31]. At 6 T, we observe an increase of the
integrated intensity by a factor ~2 in both directions
(either due to an enhanced CDW modulation amplitude,
or due to an enhanced volume coverage of CDW domains),
and we do not observe any sign of saturation. Although we
cannot rule out a crossover between the intensities of the
modulations in the two directions and/or changes of ¢; or
g, in higher fields leading to the commensurate pattern
with charge modulation perpendicular to the chains sug-
gested to account for NMR results [32], no indication of
such behavior has been observed up to 6 T. This is, on the
other hand, consistent with recent sound velocity measure-
ments that revealed field-induced static, biaxial order [37].
Above T, the zero-field and high-field intensities match, in
agreement with the notion that the field enhancement of the
CDW fluctuations arises from a competition between
CDW and superconducting instabilities. This is also sup-
ported by the weak decrease of the peaks’ FWHM with
field for T < T. [Fig. 2(d)].

It is interesting to compare the charge modulation in
YBCOgq 55 revealed by our experiments to the one previously
studied for YBCOg ¢, which exhibits a higher hole concen-
tration. Both g, and ¢, are larger than the corresponding
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FIG. 2 (color online). (a) Temperature dependence of the
integrated intensity of the CDW peak in ortho-II YBCOg ss
along (0, K, 0) for magnetic fields O and 6 T. (b) FWHM of
the peak at two fields. The CDW is slightly more correlated
below T, at high fields but field independent above T, within the
error bar. Magnetic field dependence of (c) the intensity and
(d) the FWHM at 10 K. The integrated intensity depends linearly
on magnetic field in both directions.

values in YBCOg ¢ (0.31 and 0.30, respectively). In the latter
case, the difference is well outside the experimental error and
indicates that the CDW modulation vector depends on the
hole concentration in the CuO, layers, which is expected on
general grounds but not observed outside the experimental
error in our prior work [29]. Specifically, the shortening of the
modulation vector with increasing doping level is qualita-
tively consistent with a scenario according to which the CDW
wave vector reflects the nesting conditions of the Fermi
surfaces arising from electronic states in the CuO, bilayers
[38,39]. In this scenario, the strong in-plane anisotropy of the
incommensurate peaks along H and K, which contrasts
with the more isotropic intensity distribution observed in
YBCOg, may reflect modified nesting conditions due to
the influence of electronic states originating from the CuO
chains and/or folding of the Fermi surfaces due to the long-
range ortho-II superstructure. It is interesting to note that this
anisotropy matches the one previously observed in the
anomalous dispersion of copper-oxide phonon modes in
YBCOgq, 5 [40-42].

Measurements of YBCOg 55 and YBCOg 4 crystals under
the same experimental conditions further allowed us to
compare the overall intensities of the incommensurate
peaks in both crystals. The peak along K is ~25% less
intense in YBCOg 55 than it is in YBCOgg4; the intensity
difference along H is correspondingly larger. Apart from
the modified Fermi surface geometry, the strong overall
intensity reduction of the CDW peaks triggered by the
small reduction of the hole content may reflect the influ-
ence of spin correlations, which are strongly enhanced in
YBCOg,s with 6 <0.5 where neutron scattering has
revealed quasistatic incommensurate magnetic reflections
[2,27,43]. The CDW wave vector is unrelated to the wave
vector characterizing magnetic order in samples of com-
position YBCOg 45 (immediately adjacent in the phase
diagram) [2,27], suggesting that incommensurate spin
and charge order are competing in the YBCOg¢, 4 system.

To gain more insight into the interplay between spin and
charge correlations, we have carried out RXS measurements
on a YBCOg crystal in which 2% of the in-plane Cu ions
were replaced by spinless Zn impurities, which locally sup-
press superconductivity [44,45], slow down the magnetic
fluctuations [46,47], and induce an incommensurate mag-
netic structure with in-plane wave vector (0.5 + A, 0.5) akin
to the one observed in pristine YBCOg 5 at lower doping
levels. The incommensurability parameter A ~ 0.1 r.L.u. is
consistent with the linear doping dependence observed in
YBCOg 5 [27,33]. We have reproduced the corresponding
low-energy neutron scattering data in Fig. 3(b).

The effect of spinless impurities on the CDW correla-
tions is seen in Fig. 3(a), where we have plotted the
measured intensity along H for both pristine and Zn-
substituted samples, close to their respective 7,.. While
Zn substitution does not modify the wave vector of the
CDW peak significantly (consistent with the earlier con-
clusion that it does not modify the doping level, [33]), its
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FIG. 3 (color online). (a) Comparison of the CDW peaks for
pristine YBCOg ¢ and YBCOg ¢:Zn at their respective 7. (b) Red
dots: RXS data on YBCOg 4:Zn from (a), after subtraction of the
background [dashed line in (a)]. Blue dots: Low-energy magnetic
neutron scattering intensity obtained from inelastic neutron scatter-
ing [33] at T = 2 K on the mosaic of YBCOg 4:Zn from which the
crystal of this study was extracted. (¢, d) Comparison of the integrated
intensities and FWHM for pristine and Zn-substituted YBCOg ¢ as a
function of reduced temperature T /T for each sample.

correlation length (€ ~20 A for T = T.) and integrated
intensity are drastically reduced in the YBCOg4:Zn sam-
ple. This is consistent with an inhomogeneous coexistence
scenario in which the CDW correlations are suppressed in
the area around the Zn impurities, where the incommensu-
rate spin correlations are enhanced. Further support for this
scenario comes from the absence of any straightforward
relation between the wave vector of the incommensurate
spin modulation measured by neutron scattering [33] and
the charge modulation obtained here [Fig. 3(b)].

Figures 3(c) and 3(d) show the temperature dependence
of the integrated intensities and linewidths of the CDW
peaks in the two samples. Whereas a maximum of the
integrated intensity at 7. = 32 K is not clearly apparent
in the Zn-substituted sample, the data do indicate a mini-
mum of the linewidth, consistent with the same competi-
tion between superconductivity and CDW correlations
observed in Zn-free YBCOg, 5, albeit in a reduced volume
fraction. The Zn-induced reduction of the CDW peak
intensity [Fig. 3(a)] is in fact quantitatively consistent
with the ~70% reduction of the superfluid density reported
earlier for a YBCOg 4: 2% Zn sample [44].

In summary, our RXS data on YBCOg 55 have revealed a
nearly critical, biaxial CDW state with propagation vector
similar to those of samples with higher 6 [29-31] but with
reduced amplitude and strong uniaxial anisotropy. They were
taken on samples of composition identical to those that exhibit
prominent quantum oscillations in high magnetic fields [19],
and the incisive information about the CDW order they have
revealed now provides a solid basis for quantitative models of
the Fermi surface reconstruction and electronic cyclotron
orbits that underlie this phenomenon. The strong anisotropy

of the CDW is in line with the previously observed trend of
the correlated-electron system in strongly underdoped cup-
rates to form uniaxially modulated structures [2-5]. The
CDW order we found is, however, inconsistent with the model
proposed to explain recent high-field NMR data on samples of
the same composition [32]. This model should therefore be
reconsidered.

X-ray and neutron scattering experiments have revealed
three distinct low-temperature electronic phases in the
YBCOg, s system. The corresponding order parameters
magnetization density, charge density, and Cooper pairing
amplitude prevail at low doping, at high doping and high
magnetic field, and at high doping and low field, respectively.
Rather than forming a coherent spin- and charge-modulated
“striped” state, as in the 214 system [3,10-14], spin and
charge order are strongly competing in YBCOg, 5. Asadirect
manifestation of this competition, we demonstrated that
spinless Zn impurities substantially weaken CDW correla-
tions in a YBCOg ¢ crystal, while at the same time nucleating
incommensurate magnetic order. We further showed that an
external magnetic field enhances the CDW correlations of
YBCOg 55 in the superconducting state, closely analogous to
the field enhancement of the incommensurate spin correla-
tions observed earlier in YBCOg 45 [43]. This implies that
both spin and charge order compete against superconductiv-
ity, which is weakened by orbital depairing in the magnetic
field. Taken together, these results thus indicate three com-
peting electronic order parameters in YBCOg, 5.

We acknowledge H. Alloul, M.-H. Julien, S. Kivelson, Y.
Li, G. Sawatzky, and S. E. Sebastian for fruitful discussions.

Note added.—During the completion of this manuscript,
we became aware of related results obtained on an ortho-II
crystal by Blackburn et al. using hard x rays [48].
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